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CHAPTER 1 
General introduction. 
Medical image quality: physical/technical and 
clinical/diagnostic aspects. 

MEDICAL IMAGE QUALITY: 
PHYSICAL/TECHNICAL AND CLINICAL/DIAGNOSTIC ASPECTS 
The present day medical examiner has at his dispo­
sal a wide range of гтадгпд techniques (e.g. Harlow et 
al.t 1976; Kendall Preston et al. л 1979; Kreel, 1979, 
Conners et ál.t 1982). Each of the techniques in use 
has its own merits and what is more, digitized or 
computer generated images may be proceeaed in attempts 
to restore their original ркуагсаІ/ЬеакпісаІ quality 
or to enhance their сігпъсаі/аьадпозіло quality (Todd-
Pokropek, 1976, Tait, 1982). The necessity for objective 
criteria characterizing the relative merits of different 
techniques or different modifications is markedly 
present. Various efforts have been undertaken until now 
to device methods for evaluation (e.g. Goodenough, 
1976, Metz et al., 1976), which were mostly applied to 
phantome. This study attempts to extend already 
existing methods for medical image evaluation, whereas 
these methods are applied to current clinical images, 
thus demonstrating their applicability. 
A necessary prerequisite for the evaluation of 
medical images is the clear definition of a quality con­
cept (Sharp et al.
 t I980;1962). A few major theoretical 
aspects in the field of image analysis need to be out­
lined before such a concept can be developed properly 
(e g. Duda et al , 1973, Pratt, 1978; Hall, 1979, 
Rosenfeld et al > 1982). 
The point of departure is the interest in a 
collection of three-dimeneional objects belonging to 
the physical world W3 and building up a ecene. A two-
dimenatonal view of the scene, as resulting from some 
type of projection process Ρ by transmission, emieaion» 
reflection or absorption of radiation, is called a 
picture The physical properties of the projection that 
leads to the picture may well be used quantitatively in 
the analysis process 
Any numerical représentation of a picture is called 
an image and if temporal world variations are eliminated 
by proper integration or by freezing, the image may be 
treated as a two-dimensional static energy distribution, 
projected from the dynamic three-dimensional reality 
into W2· A segment S is a subset of U2 with attributed 
coordinates x,y С R. An image I, associated with S, 
is given by a set: 
{(x.y.fCx.yDtx.y e Si (1) 
where the image function f satisfies f(x,y) % 0. 
The foregoing can be sunmenzed by the chain: 
Ρ S 
W3 "* W2 "* + f I 
In fact I may be identified with the imaging function 
f* S •* R*. After sampling (e.g. at a rectangular or 
equidistant quadruled grid Τ с S) and quantization, a 
discrete image matrix M results with coordinate entries 
1 and j: 
M(i,j) i 0 i.j e Ю (2) 
which, in its turn, may be identified with the discrete 
imaging function f : Τ -· К с: R +, 
The representation outlined above can be achieved as 
follows: 
A spatial restriction operator lg performs a segmenta­
tion in the x,y-plane. The selection is determined 
by prior knowledge about the information looked for, 
and frequently concerns a region of interest. 
Positions of picture elements (or pixels) must be 
determined within the segment by a spatial sampling 
operator Dg, mostly bounded by the grid already 
mentioned. The selection of samples in this grid Τ ve 
carried out in accordance to the veil-known Shannon 
sampling theorem, employing the so-called Nyquist 
criterion. The theorem states, that to avoid errors up 
to some highest significant spatial frequency П, the 
spacing d in Τ should be ideally chosen such that: 
d - (га)"' а) 
for sampling points distributed uniformly in both 
dimensions. 
The numenaal value M(i,j) of a pixel at coordinates 
i,j is obtained by discretization of the range of the 
imaging function f, the latter being coupled to the 
process of projection of radiation intensities. Bright­
ness is the perceived intensity, i.e. the product of 
the process within the human Visual system. The weight­
ing function may also be a factor determining the 
choice of d. 
The second quantization step is the level sampling, 
which is the discretization of positive magnitudes 
К с R + belonging to the grid sample points by the 
level sampling operator D^, applied to the continuous 
range of occurring function values. 
After this process we arrive at the discrete image 
matrix Mii.j), which can be used in further analyeea. 
A schematic representation of the sampling and 
digitization process is shown in Figure I. It should be 
noted that the two (horizontal) steps of pixel-selection 
and discrete pixel value extraction are the main com­
ponents of the scheme, whereas the vertical loops are 
not alternative ways, but merely further specifications. 
Medical imaging is a collection of widely differing 
techniques and therefore it should be broadly defined· 
We prefer to look upon a medical image as a visual 
representation of the morphology or the function of a 
part of the human body in vivo or in vitro, which is 
available in some numerical formât. In this thesis ve 
will deal with two-dimensional medical images· 
Some examples of the techniques in use in medical 
imaging are mentioned in the following Table: 
Table 1. Examples of medical imaging techniques. 
Medical imaging 
technique 
Microscopy 
Rontgenography 
Echography 
Moire-topography 
Tonography 
Zeugmatography 
Thermography 
Scintigraphy 
Physical principle 
Light/Electron 
X-ray 
Ultrasound 
Light 
X-ray 
Nuclear Magnetic 
Infrared 
Салит-ray /Positron 
Transmission 
Transmission 
Reflection 
Reflection 
Absorption 
Resonance 
Emission 
Emission 
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Increased computing power has recently made corft-
putenaed tomography (CT) feasible for many of the 
imaging processes shown in Table I, such as Rontgen-CT, 
Ultrasound-CT, NMR-CT and Positron-Emission-CT. 
An image can assist in detection and zdentification 
of possibly present аЪпотаІгігеа in form or function 
and may, possibly in combination with other sources 
of diagnostic information, result in a сігпгсаііу 
relevant action. The interesting image part has now 
implicitly been defined as an ahnormalxty or pathology, 
descnptable by features such as location, size, shape 
and structure. 
In the process of distinction of abnormalities from 
normal parts or noise, all рггог knowledge and con­
textual information available should be used, which 
will complicate an evaluation of quality. 
Two different aspects of image quality will be dis­
criminated: 
Q : Phyaical/Techmcal Quality 
Q : Cltmcal/Diagnoatic Quality 
Physical/Technical Quality can be measured from imaging 
system properties, determining signal to погзе ratio, 
contrast and resolution. 
Judgment criteria may be: 
1. Maximal information available m the presence of 
a certain noise power. 
2. Optimal adjustment of contrast and resolution to 
the dynamic range of the imaging system, ι e. the 
instrumental contrast range and frequency response. 
such that there is a maximal correspondence between 
system input and output, related to some error criterion 
such as least squares. 
At this stage the concept of noise needs to be made 
more explicit. Within this context every image aspect 
not connected to reality or not of any diagnostic 
irrportance, will be denoted by the terminology 'noise'. 
This includes the result of the search of the clinician. 
The character of the noise usually encountered can be 
categorized in different types according to the source, 
as shown in Table 2. 
Table 2. Categorization of different noise types. 
Mainly 
Random/ 
Stochastic 
Mainly 
Sonrandom/ 
Deterministic 
Physical/technical 
рт севзез 
- Photographic gram 
- System fluctuation 
- Computational 
approximation 
- Discretization 
- Instrumentation 
- Processing 
Clmical/diagnoatic 
processes 
- Search 
- Recognition 
- Decision 
- Lack of knowledge 
of structure 
- Feature base used 
- Bias 
The combined noise from random/stochastic sources 
in technical processes can be denoted by n(x,yft), in­
dicating that noise can have both a spatial (two-
dimensional here) and a temporal character. We will 
only study static problems in this thesis, thus 
leaving out temporal aspects. 
A set of all possible images, being realizations 
of a noisy process possessing particular statistical 
properties, is called an ensemble tfk} The noise from 
technical sources may be described by multiplicative 
noise m(x,y) and additive noise n(x,y) such that an 
ensemble of images is composed of. 
fk(x,y) - mk(x,y)f(x,y) + n^x.y) (4) 
Generally it is supposed that averaging produces the 
'true' image f(x,y), with the assumptions that 
E[n] - 0 and E[m] - 1 (E[n), E[m] being the expecta­
tions of the stochastic variables η and m respectively) 
and this in turn is used as an argument to discard 
the multiplicative terra. 
The computation of the image statistics is greatly 
simplified if the following three conditions are ful­
filled (Papoulis, 1965, Finkelstein et al.
 л
 1976, 
Hall, 1979). 
1. Ergodicity 
The spatial statistics for a single realization 
taken over all image points are the same as the 
statistics for one point taken over the ensemble. 
2. Stationanty 
All first and higher order statistics of the 
noise process leading to the ensemble are in­
variant under a shift in position 
3 Isotropy 
The relation between the stationary noise at the 
two points is a function only of the distance 
between them 
The effect of noise generally is the masking of useful 
information, preventing its extraction Noise also 
interferes with attempts to restore or enhance images. 
One of the expressions that have been proposed for 
describing the influence of noise on the information 
content E is (see Finkelstein et al., 1976). 
E. - с ƒ ƒ 2log {1 + SNR(u,v)}dudv bits/image (5) 
where SNR(u,v) is the power signal-to-noise ratio 
(> 0) as a function of the spatial frequency coordi-
nates u and v, and с is a scaling constant. Probably 
this expression is of little help if we consider the 
case of abnoKwnality detection in medical images 
having well-known shapes and structures Perhaps the 
best physical characteristic of image noise would be 
a noise spectrum or a noise autocorrelation function. 
The deterioration effect, however, would heavily depend 
on the properties of shapes and structures under 
observation. Since many studies already have been 
devoted to noise description under different experimen­
tal circumstances (e g Goodenough, 1976), we will 
not vary the noise in the experiments described in 
this thesis. 
The next important function is contrast (see also Hall, 
1979), which we will define as: 
IfUj) - f(t )l 
« Ч · ^ · - tu,) •tu*) C6) 
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betveen two pixel values fítj) and f ^ ) · 
where t: - (x,y) € S. 
The contrast ratto within the image is given by: 
Max 
0(cf1+£2) - cOifj) + 0(f2) (II) 
С · -Si 
R Min 
tes 
(fit)» 
<f(t)) 
(7) 
with Max and Min being the operators extracting the 
maximum pixel value and minimum pixel value from the 
image respectively. 
Since each pixel has a specific number of spatial 
neighbors (depending on the definition of connectivity) 
contrast is directionally sensitive, resulting in a 
vector field. Contrast values are determined by proper­
ties of the projected radiation, by properties of the 
imaged part of the human body, as well as by properties 
of the display or photographic material used. 
Reeolutton can be described by the system РогпЬ Spread 
Function PSF, which may be given as h(xty). For the 
relationship between output image f(x,y) and input 
reality Wfx.y) now holds (see also e.g. Goodman, Ι96Θ): 
f(x,y). - ƒ ƒ У(а,е)Ь(х-а,у-В) da do (8) 
The Optical Tranefer Functton OTF i s the two-dimensional 
Fourier traneforra of the PSF: 
H(u,v): - ƒ ƒ h(x,y) exp{-2iij(ux+vy)}dxdy (9) 
where j 2: 
dînâtes 
-t and u and ν are spatial frequency coor-
Usually the resolution of the resulting output image is 
characterized by the magnitude or modulus of the OFT» 
which is called the Modulation Transfer Function M(u,v) 
M(u,v): - I H(u,v) I (10) 
The PSF should be spatially as narrow as possible, 
yielding a constant MTF for spatial frequencies lower 
than or equal to the spatial frequency limit determined 
by the Nyquist criterion. This implies the use of a 
загтфігпд spot of minimal size. Geometric dtetortxon 
should be avoided as far as possible, because the 
application of a warping function for restoration of 
this distortion is a complicated matter, which we will 
not further investigate in this study. 
To correct for image deterioration caused by noise 
effects, or contrast and resolution deviations, numerous 
procedures are available. Frequently these are called 
reetoration procedures based on physical criteria, i.e. 
properties of the noise and of the imaging system. 
Reβtoration processes show many varieties and can be 
subdivided into linear and non-linear procedures, 
whereas the spatial extension can also be variable. 
Before showing a possible subdivision, we need the 
definition of a linear operator 
An operator 0 is said to be linear if, for any constant 
с and any two image functions ft and f2 holds (Duda et 
al., 1973): 
Now Table 3 shows a grouping of operations (see also 
Rosenfeld et aU
 л
 1982). 
Table 3. A subdivision of filtering operations 
(see the next chapters for examples) 
I 
Jlteu pixel value based 
on 1 old ргхеі value 
(point operatzons) 
II 
Neu ръхеі value baaed 
on > 1 old pixel value 
(local operations) 
a. Linear 
e-8· 
full range 
rescaling 
e.g. 
convolucion 
wich fileer 
PSF 
b. Non-linear 
e-g-
ganma 
correction 
«•g· 
gray level 
histogram 
equalization 
The purpose of the application of these filtering 
methods is the restoration of the initial QpT· 
A major question coming up after the definition of a 
physical/technical image quality is whether an optimal 
diagnosis requires a maximum physical quality. It is 
not difficult to find examples in which no ашхішиш 
QpX is available (e.g. with α rather inferior signal-to-
noise ratio present) yet giving a perfect diagnosis 
(e.g. Sharp, 1982). Therefore a second quality measure 
is needed, the clinical/diagnostic counterpart of Орт» 
denoted by QgD-
The definition of QÇQ should be made up in terms of the 
confidence with which a medical image can be used for 
its intended ctimcal/diagnostic task. This task usually 
is equivalent to the detection and identification of 
relevant pathologies More specifically it should con-
tribute to the decision on following medical actions. 
This requires a reconsideration of the parameters 
noise, contrast and resolution^ now in relation to 
pathology and patient imaging. 
Generally there is some kind of trade-off between 
image quality and patient comfort or safety. So for 
instance radiation hazards are weighted against image 
quality determined by exposure time. Here a cost-
benefit analysis is involved such that pathology is 
detectable with the smallest possible risks. 
The image contrast should be chosen such, that 
those values which are important for the range in 
which abnomalitiee may occur, are emphasized If 
transmission, reflection, absorption or emission 
differences occur in a particular region of interest, 
they should be optimally displayed and used in calcu-
lations. 
The same considerations hold for the resolution 
within the images. In tissue discrimination texture 
analysis (Pressman et al., 1979) can be a valuable 
help, texture being defined as any repetitive arrange-
ment of some basic pattern in a local or global sense. 
Sufficient resolution of course is a prerequisite for 
detection of such patterns. 
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The preceding illustration of determinants of QCD 
shows no doubt the highly pragmatta character of the 
concept, moreover the absolute availability of a great 
amount of α ргго г dbagnostta knowledge necessitates 
the incorporation of information from patients, 
physicians and laboratory. Only after an exhaustive 
collection of all this crucial information, one can 
apply image enhancement techniques rather than 
restorattan by spatial filtering methods as e.g. 
suomarized in Table 3. Enhancement of course must 
concern the beneficial effect on the confidence of 
diagnostic judgment. Therefore the assessment of QÇQ 
will be proposed in a statistical sense in this thesis, 
regarding either the inherent possibilities of 
detection of certain pathologves or more directly the 
improvement of diagnosis confidence. 
The alternative ways to achieve a medical image 
analysis are shown in the flowchart of Figure 2, in 
which the use of рггог knowledge in all stages has been 
stressed. A natural question now seems if a change of 
QPX can be seen in a variation of QcD* * method that 
leads to suitable evaluation parameters is the well-
known Recetver Operating Charactertstie (ROC) technique 
(Green et al., 1966, Swets, 1979) Input for this 
analysis can be (pre)processed with interactive 
statistical pattern recognition and analysis methods 
(e.g. as available in the software package 'ISPAHAN', 
see Gelsema et al.
л
 1980). 
The deterioration of physical quality of medical images 
(scintigraphs), leading to a decreased Qp-j is in­
vestigated in Chapter 2 of this thesis, as well as the 
effect on Qçp· At the same time ROC-haaed indicée are 
defined and a quantitative evaluation of image pro-
cessing techniques is carried out. 
Once QCD is expressed m numerical values, the study of 
observer differences and image preprocessing techniques 
can be investigated, as demonstrated in Chapter 3- Two 
different staining techniques for cervical smears are 
evaluated for their diagnostic merit using methods 
developed in the preceding chapter. 
Diagnostic information may be extracted from medical 
images both by computer and visual system (as already 
shown in Figure 2). In Chapter 4 the possibilities to 
combine computer output and human judgments are 
analyzed in an effort to increase the diagnostic quality 
of the decisions. 
The diagnostic/quality of features used by human 
observers is worth research, m order to discard 
ambiguous or low quality features, such as described 
in Chapter 5 for the classification of chest radiographs. 
Finally possibilities to investigate the diagnostic 
quality of the human visual search process are 
described in Chapter 6 under the same experimental 
conditions as in Chapter 5. 
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CHAPTER 2 
Detectability index, likelihood ratio and diagnostic 
output as psychophysical measures for evaluation of 
medical image processing. 
J.P.J, de Valk, E.G.J. Eijkman and J. Vintcent 
Med. & Biol. Eng. & Comput. ¿9, 597-604 (1981) 

MrtJ &. H I t u g &. ( mput ИНІ 19 *·*7 NU 
Detectability index, likelihood ratio and diagnostic 
output as psychophysical measures for evaluation of 
medical image processing 
J P J de Valk E G. J Eijkman J Vintcent 
Laboratory ol Medical Physics and Biophysics University of N imegen Nijmegen The Netherlands 
Abstract Signal detection theory was used to study methods o/ measuring changes in diagnostic quality 
from medical image processing Detectability index and likelihood ratio are applicable for purposes 
of comparison but they do not give an indication of the confidence with which a diagnosis has been 
made Therefore a new measure for evaluation the diagnostic output is defined which incorporates 
this important aspect This study describes experiments where four observers /udge pictures of heart 
scintigrams in different stages of processing involving variations of resolution and brightness The 
emphasis is on methods for evaluation of the diagnostic value of picture processing Our conclusion 
is that the influence of the studied image processing techniques can be well described using signal 
detection theory while the diagnostic output seems to be a well suited measure to represent 
diagnostic properties of stimulus and observer 
Keywords—Diagnostic image processing Diagnostic output Signal detection theory 
I Introduction 
THF use ofcomputers to display diagnostic images has 
brought the techniques oí image processing within 
reach of the medical examiner It has also increased 
concern over the interpretations of pictures supplied 
by (.omputer programs and the true diagnostic value of 
often costly processing of primary sensed images 
This situation calls for methods to evaluate dilTerent 
pictorial techniques Mt-TZ et о/ (1973 1976) have 
advocated the г о с (receiver operating characteristic) 
as a tool to express the quality of diagnostic images 
(see also GRttN and SWETS 1966) STARR (1975) has 
worked out a method for r o c analysis with both 
detection and localisation of the studied pathology 
On the other hand SHARP (1976.1980) prefers a 50 per 
cent level ofdetection over an г о с analysis but did not 
solve the problem of the observer s influence The 
improvement of the likelihood of detection is 
suggested by MLTZfi u/ ( l976)andToDD POKROPEK 
( 1976) but this has not been worked out as far as we 
know 
Thus far results of phantom pictures have given an 
impression of the applicability of image quality 
evaluation while simple physical variables such as 
resolution and brightness are varied (see also 
NFTRAVALI et al 1980) The present study attempts to 
experiment on clinical images for which a final 
Received 7th January 1981 
0140 0118/81/050597 f 08 $01 50/0 
© IFMBE 1981 
diagnosis is known from a prion information We 
prefer to use methods given by the theory of signal 
detection (EIJKMAN, 1980) because of their well 
denned concepts and because of the use we make of 
multiple criteria for the judgment of the images In the 
analysis we propose three measures will be applied and 
compared for evaluation of the diagnostic quality of 
images 
First we will calculate values of the detectability 
index Id' see GREEN and SWFTS. 1966) 
Secondly a likelihood measure (Í-) will be 
considered because this is often recommended for 
carrying out a cost and benefit analysis (Mtxz et al, 
1976) The assessment of diagnostic yield (efficacy or 
benefit ) is considered important for the introduction of 
new techniques For such analyses likelihood figures 
are necessary 
We will not attempt here, however, to estimate 
values of costs or benefits, neither try to find optimal 
processing techniques for the improvement of picture 
quality, as our study restricts itself to the evaluation of 
diagnostic quality of medical pictures 
Thirdly, we will introduce a new measure, which we 
have called diagnostic output (D) This quantity also 
takes into account the confidence with which 
judgments are made, because it is this confidence 
which to a large extent determines medical action 
2 Detectability of pathologies 
Signal-detection theory is a well developed structure 
of concepts for the detection of a particular signal in 
the presence of noise It can be applied to human 
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observers m pattern-recognition tasks (GREEN and 
SWETS, 1966; METZ, 1976; EIJKMAN, 1980). 
We will mention some principles to explain the 
symbols that we will use. Consider the judgment of a 
certain picture having a number of data points 
х
і'
х2,Хз.--,х, from which information is extracted 
for the detection of a possible pathology. The 
observers have to integrate different aspects of 
information to reach a judgment along a one-
dimensional scale of a subjectively estimated 
possibility of pathology. The integration result is 
called the decision variable X, and this variable is 
weighed against criteria Ci on a discrete scale, such 
that if X surpasses a higher criterion value, pathology 
is judged more likely (note that K-l criteria are 
needed to separate К response categories). 
The judgment process is stochastic for two reasons. 
First, the same picture may be judged differently on 
dilTerent occasions, and secondly, several pictures of a 
series, both in normal and in diseased cases, may differ 
considerably. GOODENOUGH (1976) calls this 
'observational' and 'image' noise, respectively. 
We will consider a pathology as the signal to be 
detected and denote all diseased heart pictures as s 
pictures while normal heart pictures will be called л 
pictures. By processing the primary series, the series 
I s . . nm) is obtained, where m indicates a particular 
image-processing technique. 
Suppose now that the decision variable X is 
distributed according to f{X\s) for the diseased cases 
and f{X\n) for the normal cases. Then the probability 
for all responses 5, given s pictures in series m meeting 
criterion Ck, i.e. P(S|s„ ; Ct) is given by 
P(S\s
m
;Ck)= \f(X\sm)dX (1) 
Note that 0 Í к ^ K, where к is an integer, and that 
C0 = - 00 and CK = со. 
In signal-detection theory a normal distribution 
function is usually employed So for s
m
 pictures we 
have: 
at 
PlS\s
m
:Ck) = (2n)-* Г expl-iv'Wj» . (2) 
C I - X ( J _ ) 
with z{s
m
) = denoting the normal deviate 
and where Xis
m
) and a(s„) represent mean and 
standard deviation of the distribution function for 
diseased cases of the ml h senes 
For η pictures of the mth series the probability of a 
response 5 surpassing criterion Ck will be 
P{S\n
m
,Ct) = (2π)-1 expf-Vv/y . . (3) 
Medical & 
with г(л„) = — - " The normalised distribution 
functions and probabilities for the case of К = 2 (with 
only two response categories, separated by criterion C) 
are illustrated by Fig 1. 
* 
І, CI3P(SIS) 
« С И Ρ (sin) 
Fig. I Normalised probabiliti distributions of the 
оЬьегіачоп tanable X in the case of noise f(X[n), 
and in the case of signal + noise f(X\si, gnen two 
categories separated bv criterion С 
The amount of overlap of the two distributions 
f{X\s
m
) and f(X\n
m
) can be characterised by the 
detectability index d', expressed for the mth series by 
d-
m
*zin
m
)-zlSJ . (4) 
This d' increases as the amount of overlap of the two 
normal distributions decreases, corresponding with a 
higher detectability of diseased cases 
GREY and MORGAN (1972) published an optimal 
likelihood r-eslimator which we used in the present 
study for estimation of the detectabilities d'
m
 and the 
criteria Ct Although the detectability measure is 
defined only in cases of equal variances a2{s
m
) and 
а
2{п
т
), the calculation uses the geometric mean 
<r2 = a{s
m
)a{n
m
). which is more justifiable as (T(s„) 
approaches a{n
m
) (see also SIMPSON and FITTER, 
1973). 
3 Likelihood ratio of the diagnosis of pathologies 
METZ et al. (1976) proposed a likelihood analysis for 
the evaluation of the diagnostic benefit of a particular 
test. It is rather difficult to work out such a proposal 
because costs and benefits are extremely difficult to 
estimate However, if we restrict our analysis to the 
evaluation of the diagnostic quality of pictures, we can 
analyse the likelihood of a correct diagnosis given to a 
particular set of pictures, and then evaluate the 
influence of a limited number of picture-processing 
techniques. 
First, we have to admit that, contrary to the 
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detectability index </'. the likelihood ratio L is 
dependent upon the criterion employed Therefore the 
analysis is done with the criterion value C, as a 
parameter The likelihood ratio is given by the 
quotient of the probabilities 2 and 3 (This measure 
equals the ratio of the two shaded surfaces under the 
distributions J{X\s) and j[X\n) in the two categories 
example of Fig I ) 
For diiïerent criteria C, and series m, we can 
calculate the likelihood L. _ as follows 
Lkm = 
PiS\sm.Ct) 
P(S\„m. с» (5) 
4 Diagnostic output—a new measure 
The two me.isures d' and i-, as described before, 
show disadvantages in practice The detectability 
index does not contain any measure of confidence with 
which judgments are made For instance, ifan observer 
makes no other judgments than 'uncertain' or 
'probably no pathology', he may reach a very high 
score for the detectability index if his judgments are 
accompanied by a very low value of the standard 
deviation σ However, in the case of the diagnosing 
physician, one can doubt if the decision about a 
treatment can be reached in this way, since the 
observer expresses considerable uncertainty 
Furthermore the likelihood measure L gives 
difficulties in definition because of its dependency 
upon the criterion applied Therefore we tried to find a 
new measure without these disadvantages 
It seems logical to choose a measure that values 
correct diagnoses positively and incorrect diagnoses 
negatively The judgment 'uncertain should carry a 
minimal weight, while all other judgments should be 
evaluated according to the confidence expressed by the 
rated response category The variation of the 
observer's repeated responses to one stimulus yields 
another useful measure The higher the standard 
deviation of these responses, the lower the confidence 
of the observer apparently will be The measure for 
diagnostic output should be inversely proportional to 
this standard deviation With these requirements we 
will now define our new measure diagnostic output D 
for n- and s-cases as follows 
n-case D = {X
v
 — X)/s
x 
s-case D = (X — X
u
)ls
x 
(6) 
(7) 
In this expression X stands for the weighed mean 
observation, to be calculated from 
Χ ^ Ν Γ " X XJ, (8) 
ι = 0 
where 
N is the number of averaged observations 
К is the number of categories 
ƒ is the response frequency belonging to 
category ι 
ι is an integer, 0 ζ ι ^ К — I 
For X, the best estimation of the observation variable 
X should be substituted for which C, ζ Χ ζ C,
 + 1, 
which leads to 
ί,+ ι ι,+ι 
f, = J Xf(X)dx{\ f(X)dx\ (9) 
For ƒ (X) the standard normal distribution N(0, 1 ) has 
been applied by us, while estimations of C.-values have 
been made by the method given by GREY and 
MORGAN (1972), which we mentioned before 
The standard deviation s, in eqns 6 and 7 belonging 
to the weighed X is expressed as 
fXX-XYW-W 
' ) ' (10) 
X
 M is the value of X, belonging to the middle category 
M (indifferent, response 'uncertain') which can be 
calculated from eqn 9 
It will be clear that D may reflect the reliability of the 
diagnosis from a particular observer It can also be 
used to characterise one single stimulus case judged by 
dilTerent observers 
S Material and methods 
The experiments have been carried out with 61 
digitised scintigraphic heart images These were 201-
ΊΊ clinical* myocardial images recorded in the LAO-
30 position Directly after recording the images were 
lowpass-filtered and obtained high-emphasis by a 
Laplacian operator The images thus processed are 
considered optimal for diagnostic aims They were 
stored in a 64 ж 64 pixel raster format Next each image 
has been expanded into a 256 χ 256 pixel frame For 
this expansion we used an interpolation that was 
achieved by a 2-dimensional fit in the x- and i-
direction of a fourth-order polynomial through the 
values of the 64 χ 64 original adjacent pixels We will 
refer to the 61 photographs of the expanded images as 
'the primary senes' 
We intended to investigate the use of different 
quality factors for description of diagnostic properties 
To achieve this the primary senes has been compared 
with its degraded versions and different measures of 
diagnostic merit were studied 
The final medical diagnosis belonging to each heart 
was known and has been taken as the correct 
diagnosis 
* The authors ate indebted to Prof Dr Κ Η Ephraim and С N de 
Graat of the Utrecht Clinic of Nuclear Medicine tor placing the 
digitised images at their disposal 
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The 61 myocardial images represent 27 normal 
hearts and 34 diseased hearts Pathologies are 
ischaemic areas or infarcts, showing up as areas of less 
brightness in the left venticular wall or septum or both 
A schematic representation of the studied myocards 
is given in Fig. 2. 
no pathology (n) 
ventricular wall 
all ( n o r s ) 61 ' 
Fig. 2 Diagram of climcal scmtigrams which were used as 
stitnutus material 
The digital images have been photographed from a 
television monitor after processing by a RAMTEK 
graphical system coupled to a PDP-11/45 computer. 
The images have been reduced in resolution by a 
stepwise transformation into frames of 128x128; 
64 χ 64; 42 χ 42; 32 χ 32; 16 χ 16 and 8 χ 8 pixels, with 
processed series to the primary one. The processing 
technique consisted of a simple pixel value averaging 
within the respective squares. Another three series 
were obtained by lowpass-filtering in the x· and 
^-direction using Gaussian filters with standard 
deviations of 20, 24 and 28 original pixels wide. 
Because of the reduction of the brightness range (Le. 
the difference between minimal and maximal 
brightness in a picture) caused by filtering, another 
four series were made with brightness rescaling after 
Gaussian filtering. In these four cases the filters had 
standard deviations of 12, 16, 20 and 28 pixels wide. 
Before display on the monitor screen digital values 
must first be transformed according to a preferred 
brightness function, which can be chosen freely. We 
employed an ami-log function for all series to 
compensate for the logarithmic brightness sensitivity 
of the human visual system. Finally we added one extra 
series, which consisted of the pictures of the primary 
series but now represented by a linear brightness 
function. This one completed our total stimulus 
material being IS series of 61 pictures each. 
In summary the variables of the stimulus material 
were: pixel width, filter width and brightness. It must 
be noticed that the image processing procedure causes 
the pixel noise to decrease with the increase of the 
number of averaged pixels, which number is 
proportional to pixel or filter width. (See 
BUDDEMEYER et al., 1979.) 
In Fig. 3 examples of original and processed versions 
of images of a normal and a diseased heart are shown. 
Four subjects without medical training in this field 
participated in the experiments. They were informed 
about scintigraphic techniques and about features in 
the pictures that might indicate a pathology. Then a 
training session with a small learning set of 
representative pictures was held. In the test 
experiments the subjects judged all pictures for the 
square pixels of increasing size. This added six possible existence of pathologies. For this purpose 
ниши 
ps Pa (w=16) gf (w=24) 
Fig. 3 Examples of scintigram pictures before und ufter a 
particular image processing. 
in: no pathology, s: diseased: p.s.: primary senes, it.: 
primary series represented by a linear brightness 
table, ρ a. pixels aieraged: g.f. Gaussianßltered: w. 
pixel or filter width) 
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three sessions were held at monthly intervals Each of 
these sessions contained the primary series of 61 
pictures and part of the 14 processed series The 
pictures were always mixed at random Subjects 
observed the pictures at their own pace Judgments 
consisted of rating responses according to one of the 
five following categories 
(ι) no pathology 
(и) probably no pathology 
(in) uncertain 
(iv) probably diseased 
(v) diseased 
The odd number of categories was chosen because of 
the indifferent category in (he middle that was to be 
used for the calculation of D-values Five categories 
were chosen because this seems the best rating scale for 
human observers (See MCKELVIE, 1978 ) 
These five categories are separated by four 
subjective entena During the experiments no 
feedback of results was given The experiments yielded 
relative frequencies meeting each of the four possible 
entena of judgment We used these frequencies as 
discrete approximations of probabilities 
6 Experimenlal results 
We compiled the judgment·· of four observers and 
obtained, in five categories, the frequencies of the 
'mean observer' for each series With these frequencies 
and the a prion class memberships (s = diseased case. 
л = healthy case) J'-values were estimated for the 
difTerent series by means of the method indicated by 
GREY and MORGAN (1972) The applied model was 
tested by ¡^-analysis, which led to rejection of two 
cases (Gaussian filtering with standard deviations of 
12 and 24) Som two out of 17 cases the assumption of 
normal score distributions at given criterion values 
had to be rejected at a significance level of S per cent 
whereas one out of 17 would have to be expected at this 
level Usually d'-values in psychophysical 
experiments will be positive and cannot be expected to 
exceed the value ^ 3 All d -values are plotted in Fig 4 
as a function of the pixel or filter width w 
For the Gaussian filtering we have chosen to set w at 
twice the standard deviation of the filter The results 
which show a degrading detectability with increasing 
H , are to be expected, since stronger filtering affects the 
information content of the images However, the 
extent of H over which information is retained is 
unexpectedly large This indicates the importance of 
low spatial frequencies connected to pathology 
dimensions The loss of brightness range caused by 
filtering does not influence the detectability index 
significantly as can be concluded from comparison of 
series with and without rescaled brightness The linear 
brightness series, however, with lower contrast in areas 
of higher pixel values than the anti-log series, shows a 
significant lower detectability index 
Medical & Biological Engineering & Computing 
)f This supports our assumption that the anti-log 
I brightness representation is suitable for the present 
 purposes because the important anomalies are to be 
;  found in the high brightness value regions 
:  
 2 -
; R S 
« pa 
o gf 
I · 9'b 
* i n i 
,Μ"
1
 ί 
'
e
 o l - ' 1—> 
IS 0 20 40 60 
w — » 
Fig. 4 Deteitabittt\ injex belonging to dißerentlvрпкеъеа 
. strici The horizontal axis indicates the pixel or 
filter Hidth of the series For the abbretation\ used 
l e
 \ee legends to Fig 3 igfb Gaussian filtered without 
e s
 range correttton of brightness ) Standard deviations 
e, are represented by lertical anes 
i  
>y W e c o n c l u d e that the detectabi l i ty index d is well 
as suited to eva luate the influence of image process ing o n 
i  the detectabil ity of pathologies, if a prion d iagnost ic 
f k n o w l e d g e is available It shou ld be remembered, 
f however, that the detectabil ity index neither expresses 
es criterion changes during sessions, nor tells anything 
nt about the conf idence of the observer, moreover many 
>is observat ions have to be made in a st imulus class to 
al reach sufficient accuracy for the detectabil ity index 
to T h e calculat ion of the l ikel ihood ratio L requires the 
4 s a m e compi led frequencies as before These 
frequencies yield approx imat ions for the probabil it ies 
 which are needed for the determinat ion of L 
It Theoret ical ly L can have any value between 1, fox very 
low criterion values, and CO, for very high criterion 
he values, as can be understood by l o o k i n g at eqn S If the 
 observer is purely guessing, the value of L will be 1 
also, given equal a prion probabilities for both classes s 
and η At higher criterion values L generally shows 
larger fluctuations, since the denominator of the right-
hand side of eqn S can become very small according to 
 very low frequencies in the tail of the n-distnbution In 
f our experiments the theoretical minimum of L is 
: r P(s)/P{n), the quotient of the a prion class membership 
:as probabilities, which in our case equals 1 26 In Fig S 
s a the likelihood ratio L is plotted for the same 17 series 
as in Fig 4, for four different criteria. 
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Although there is no reason to expect linear relations, 
linear regression lines have been drawn in Fig 5 with 
the criterion value as a parameter, to indicate the 
global tendencies 
Our conclusion is that L tends lo decrease as и 
increases, with higher L-values showing higher 
variances Altogether we do not think the likelihood 
ratio to be useful as a measure for diagnostic quality, 
especially because of the dependence on the criterion 
value 
The calculation of diagnostic output values requires 
a sufficient number of observations for every single 
image Therefore we divided the 17 series into two sets 
a slightly filtered and a strongly filtered set The value 
of tv below which images were called slightly filtered 
was determined from d -results (see Fig 4), which show 
filtering to be effective if w surpasses the value of 20 
Fig. 5 LikelihooJ ratio oj lorreitlv diugiwseJ paihologv 
htitmqinq to differentlv рпнімеи \eriv\ The 
honzontal axis is riif same иь ш Fig 4 Purameter is 
the intentm oj judgment i mear table results il t ) 
haue been plotted separately I mear regression hues 
are shonn merelv to indttate trends 
Weighing factors Xk and the reference value Xu have 
been calculated with (he help of the GREY and 
MoRGAN-algonthm and with these D-values for each 
heart image were computable 
Table 1 shows mean D-values for n- and s-cases both 
for the slightly filtered images (D) and for the strongly 
filtered images ( D ^ Because of the increased 
detectabihty that double-sided located pathologies 
might have, a further subdivision is shown according 
to pathology location left side (/), right side (r)or both 
sides (b) 
As can be seen, strong filtering causes D to drop to 
zero which conforms with expectations, since 
observers cannot detect pathologies any longer and 
respond most frequently in the category 'uncertain' A 
remarkable point is the low diagnostic output of 
pictures of hearts with pathologies at both sides 
This low D might be caused by the lack of an 
'asymmetry' which single-sided palhologeous hearts 
possess and which is possibly an important pathology 
feature In Fig 6 a 2-dimensional representation of the 
D values for all 61 pictures of the slightly filtered series 
is shown Also 6 Df-values for representative strongly 
filtered pictures have been plotted and the changes in 
D-values caused by strong filtering have been indicated 
by six arrows 
The variable on the horizontal axis X* equals the 
value of the numerator of the right-hand part of eqn 6 
for n o s e s and of eqn 7 for s-cases 
A* can be considered as a measure for the mean 
confidence expressed by our observers 
The variable on the vertical axis s,, the denominator 
of eqn 6 and 7, is a measure for the α posteriori 
confidence of observers as given by the variability of 
their responses 
D-values for each picture can be read from the value 
of the cotangent of the angle between the data point 
vectors and the positive x-axis Data points situated on 
a line through the origin have equal D-values 
Theoretically D can have all real values but in our 
experiments the absolute D-values did not exceed 9 
Changes in D-value can be calculated for different 
(kinds of) pictures, different observers or dilTerent 
image-processing techniques From Fig 6 it can be 
inferred that strong filtering causes D to drop to zero, 
which is represented by the midline Graphs like this 
Table 1 Mean lalues oj dlagnoilu output D are shiwnfor normal (n) and 
diseased (s> heart pu lures bejore and ajter strong filtering (0 respectueh Ör) 
Standard dei lations are indu atedassD and sD f patholog ι location is sho*n b\ 
the s\mbols t. left side, r right side and b both sides. иЫе q denotes the 
number oj hearts in a partuular class 
D 
>£> 
Ô, 
'•o, 
4 
n + s 
1 1 
17 
0 1 
II 4 
61 
η 
1 1 
22 
01 
(1 s 
27 
s 
10 
12 
0 4 
OJ 
34 
i | 
12 
l-l 
0 5 
0 3 
22 
s, 
13 
0 9 
04 
02 
5 
5
» 
05 
06 
02 
0 2 
7 
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one seem a useful representation of the diagnostic 
properties of single pictures Apart from the diagnostic 
output D, mean performance and fluctuations in 
judgement can also be read from this graph Of course 
calculation of D requires several observations of each 
single stimulus 
7 Discussion 
In the present study we have made a comparison of 
three methods to evaluate the diagnostic properties of 
image processing 
The first method produces a detectability index d 
(or detection of a pathology in a series of pictures of 
normal and diseased hearts The hearts represented by 
the pictures of the stimulus material had different 
kinds of pathologies and we averaged the results of 
several observers This will undoubtedly increase the 
variance of the distributions that we used to describe 
the decision process leading to a judgment about the 
presence of a pathology We feel that the detectability 
index can be used as a general figure of merit for 
diagnostic images The detectability index as a general 
indication for the presence of pathologies appears to 
be sensitive to resolution and brightness 
representation It can be applied to material showing a 
particular pathology used as a stimulus for one or 
more observers, provided that a normal distribution 
for the underlying decision variable does not have to 
be rejected 
Fig. 6 The 61 primary pictures haie been plotted according 
to the neighed aieraged judgment and its standard 
denation The diagnostic output belonging to a 
particular heart picture can be read from the direction 
of the lector connecting the origin with the data point 
For six cases the changes m diagnostic output tatúes, 
caused b} strong filtering, are indicated by arrows 
pointing from primary tatúes in or s) to filtered ones 
(n, or s.) 
A second method of evaluation of image processing 
consists of the calculation of the likelihood ratio / 
belonging to the detection of a pathology in a 
particular series of pictures 
In contrast to the detectability index the likelihood 
ratio is dependent on the criterion applieu The relative 
accuracy of the likelihood measure is obviously much 
less than of the detectability index cspcually if 
response categories are poorly filled The use of L is not 
to be advised for quality assessment unless a full Lost 
and benefit analysis is undertaken Then the likelihood 
ratio is a necessary prerequisite for such analysis 
( M E T Z « al, 1976) 
In the third method the confidence with which both 
correct and incorrect judgments are made is taken into 
account This is done because an uncertain judgment 
does not contribute much to the medical decision 
process despite the fact that it could be a justifiable 
judgment from an optimal detection point of view The 
diagnostic output D that we have defined is a quantity 
related to judgments of pictures averaged over a 
number of repeated observations In the 2-dimensional 
plots of D-values, as used by us, we obtained a good 
view of the diagnostic properties of our stimulus 
material 
The stimulus material has been processed to 
deteriorate its quality by variation of the parameters 
resolution and brightness representation We noticed 
in all cases effects according to our expectations. 
although image quality in a diagnostic sense seems to 
be relatively insensitive to small variations of the 
above mentioned parameters if a picture has an 
acceptable quality at first view 
In this study we did not ask observers to indicate the 
localisation of pathologies as STARR (197S) did, 
because this would lead to a complicated ROC-
analysis which does not easily produce a single figure 
of merit Also the authors advocating ROC-curves 
(GOODENOUGH, 1976, METZ et α/, 1973, 1976) do not 
solve the problem of the comparison of different ROC-
shapes for quality assessment Possibilities for further 
experiments are for instance the evaluation of different 
image-processing techniques by means of the 
diagnostic output measure D, the estimation and 
consequences of a cost and benefit analysis and the 
search for features that play a part in pathology 
detection by human observers (NADLER 1976, 
GALLAGHER et al, 1977) Methods for syntactic 
picture description are in developmental stage (Fu, 
1976, 1980) One of the difficulties is the identification 
of significant features This includes the question 
which features human observers use for their 
judgments 
In a pilot study we used the six most promising 
features to obtain a 6-dimensionaI score for each 
picture in the primary series From these scores it is 
possible to select the feature which discriminates 
optimally between the normal and diseased hearts 
represented by the pictures None of the six studied 
features seemed to outweigh the other ones 
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signifkantly Ncxl all of ihem were used lo compose an 
optimal linear dibtr iminanlfunuion wilh iheaid of the 
interactive pattern recognition svstem ISPAHAN of 
Gì istMA (sei. E m - \ and Gusi-viA 1979 Gi-LSfviA 
and h o t s 19801 It turned out thai the optimal linear 
combination of ihe six features scored a deteclability 
index ι/ with the primar) series of pictures which is as 
high as the value reached by a human observer in this 
study This preliminary result would indicate that the 
observer made an optimal combination of features 
which he was able to recognise 
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Abstract 
This paper explores the use of the signal 
detection theory and two psychophysical measures 
derived from it for the diagnostic quality assessment 
of medical images Classification results are studied 
by the two measures 'detectability' and 'diagnostic 
output' and referred to prior diagnostic knowledge. 
Special attention is given to the confidence with which 
judgements about the studied differently stained 
cervical cell images are made. 
Final goal of this study is to obtain a quantitative 
comparison of the classification results from two 
staining techniques, known as PAP and TFC, The 
psychophysical approach has been successfully applied 
to the cell image data and indicates that with the 
TFC-staining method classification can be improved. 
I. Introduction 
In the various forms of visual classification and 
diagnosis of cell images many similar problems are 
encountered1 How well does the classification expert 
accomplish his task2, do his judgements vary during 
and between classifications and what are the dif­
ferences between observers^ 
One should also realize how important (pre)processing 
of the material to be classified can be, and what 
effect on classification results it might have * 1 β. In 
this study the material consisted of cervical smears 
stained with two different techniques, and judged by 
two cytotechnologists 
Cervical cancer and its precursors can be diagnos­
ed by microscopical examination (screening) of cellular 
material obtained from the surface of the cervix. These 
cells are scraped with a spatula, smeared on a glass 
slide and stained with the so-called Papanicolaou (PAP) 
technique5 to make them visible. 
This staining procedure consists of five staining 
components and results in cervical smears with many 
differently coloured cells 
> « 4 
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Figure 1 
An example of a smear of cervical c e l l s , 
stained with the TFC-technique 
In the last two decades efforts have been started to 
automate the screening process. Three image processing 
systems 6 ' 7 ' 8 are in advarced stages of development and 
al l demand an altered preparation and sometimes another 
staining method to make the smears optimally suited for 
automated measurements. For one of these, the BIOPEPR 
system8, a new staining procedure has been developed 
called Thionine-S02 (Feulgen) Congo red (TFC)9. This 
staining method, that is also suitable for human visual 
examination, results in cel ls with blue nuclei and 
orange red cytoplasms. 
The outcon» of the final classification may be de­
pendent on the preparation procedure used. Therefore in 
this study the influence of the use of two different 
staining techniques, PAP and TFC, on the final diagnosis 
of cervical smears, has been evaluated. 
For this kind of problem methods based upon the signal 
detection theory1'' and specifically developed for the 
diagnostic interpretation of medical images11, can be 
used. 
The three relevant questions, all with regard to 
the obtained classification results, were the following: 
Is there any significant intra-observer variance; is 
there any significant interobeervex variance, and i s 
there any significant difference between results ob­
tained by the two considered staining methods7 
11. Experimental Outline 
A set of one hundred specially prepared9 cervical 
smears was composed to be judged by two cytotechnolo­
gists (referred to as A and B), who had experience in 
screening PAP smears (3 y.) and TFC smears () y.) and 
who were trained in the same laboratory. For this set 
a reference set was made by preparing a second smear 
from the same cellular material as the f irst smear. 
These smears have been diagnosed by an experienced cyto-
pathologist. Based upon the information from these 
smears, which yielded the necessary prior knowledge, 
the test set was determined. 
The test set consisted of a uniform distribution of a l l 
possible cases ranging over five c lasses from tota l ly 
normal smears, not containing any information con­
cerning cervical cancer or a precancerous stage, 
through the smears containing the divers« forms of 
precancerous stages, up to the stage of definite 
cervical cancer. 
The smears were consecutively PAP and TFC stained 
and the two cytotechnologists A and В were asked to 
judge the material blind two t ines. The judgements 
could be made according to a five category rating scale 
being 
1. Normal 
2. Slightly atypical 
3. Atypical 
4. Moderately abnormal 
5. Severely abnormal 
In the test set twenty smears of each of the five 
prior classes were present, which made the total number 
of different smears to be judged one hundred. From the 
five given classes a coarser classification into two 
classes, normal (that is no cervical cancer or pre­
cancerous stage present) or abnormal (that is cervical 
cancer or precancerous stage present) is possible. 
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The ultimate goal of this set-up was the comparison of 
the two applied staining techniques on the final 
diagnosis, that is to examine if the judgements of the 
observers would turn out to be independent of the stain 
applied. 
III. The Applied Psychophysical Measures d' and D 
psychophysical 
theory1^, have detection 10 been used to evaluate the 
judgements of the observers in search for an answer to 
the three questions under consideration, first the 
detectability index d' 1 2 and secondly the diagnostic 
output D 1 1. Instead of a complicated multidimensional 
data analysis13 which doesn't reflect the confidence of 
medical decisions, the signal detection model applied 
leads to the calculation of d'-11* and D- 1 1 values which 
are directly useful for the evaluation of diagnostic 
performance, independent upon the observer's criteria. 
Concise Computational Definitions of Detectability and 
Diagnostic Output 
Let X be the stochastic decision variable with 
probability density f(X), which is supposed to be 
gaussian. Now there will be two conditional probability 
densities, based on the prior information. For the nor­
mal cases f(X) is given as f(x|n) whereas in the ab­
normal cases it is f(X]a). 
The difference of the means of the normal and abnormal 
distributions (Xg - Y ) divided by Cheir standard 
deviation s, which expresses in fact a signal to noise 
ratio that determines the ultimate possibility of 
detection of a particular abnormality, is an estimation 
of the detectability index. 
d' CO 
A disadvantage in practice, however, is that 'may be1 
judgements (such as 'slightly atypical', 'atypical' and 
'moderately abnormal') are not highly valued medically 
although such judgements may lead to excellent 
detectability 
Therefore a new measure is introduced, the diagnostic 
output. 
Assuming that f(X|n) is given by ^ "(0,1), an 
estimator can be defined for X-values connected with a 
judgement matching any of the permitted categories Cfc 
Defining Xjf as the estimation of X averaged over all 
one-way stained smears and connected with the C^ of an 
"atypical" judgement we can propose a measure 
J -
- for normal smears 
+ for abnormal smears (2) 
where D is the diagnostic output, H is an estimation of 
X averaged over the observations for one-way stained 
smears and sχ is the estimated standard deviation of X. 
In this measure atypical judgements do not contribute 
to the diagnostic quality: "incorrect" decisions will 
contribute negatively and "correct" decisions positive-
can be derived theoretically, supposing gaussian dis­
tributions (which can be tested by a chi-square 
analysis). This has been done by the application of a 
combined F-test of sample variances and t-test based 
on the pooled-variance estimate to two gaussian dis­
tributions15»16, for normal (f(X|n)) and abnormal 
(f(x|s)) cases, in which f(X|n) is supposed to be 
-4^(0,1). The result of the combined test is illustrat­
ed by Figure 2. 
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Figure 2 
Significant values of 3 and d' for given ob-
servation numbers η at levels α • 0 05 and 0 01 
The standard deviation of f(X|s) is restricted to the 
area, indicated by H„ (s. • s-) between the two heavy 
lines. If this restriction 19 satisfied, the non­
significant values of d' are given by the area indi­
cated by Η (d* - 0), under the single heavy line, 
whereas η is the number of observations in each of the 
two distributions Parameter of the heavy and dashed 
lines is the significance level o, being respectively 
0 05 and 0.01. 
Whereas d' is always related to two probability 
density distributions, D takes only one distribution 
into account directly, making use of weighting factors 
for X derived11 from the two distributions needed for 
d'-calculations.*The middle category (atypical) is 
used as a reference to value the observer's judgements 
As judgements match better with the prior knowledge, D 
will take a higher value in the same range as d', but 
as they mismatch with the prior information, a lower 
(sometimes negative) value will be the result, so 
D-values will be mostly between -4 and +4. 
Former experiments have shown that for the 
given numbers of observations, standard deviations of 
d' and D may be expected to be of order 0 1, getting 
lower as the (compilated) numbers of observations in­
crease. 
Some Cotmnent to Possible Values of d' and D 
It is important to get an idea about the values 
that df and D can take in practice. 
Since d' is a positive measure evaluating probabilities, 
comparable to the absolute value of the difference 
between two (in statistics well-known) z-scores, its 
values will be most of the time between 0 and 4. The 
higher the d' found is, the better the detectability of 
the signal considered has been. 
The lowest significant d'-valueβ (not caused by chance) 
IV. Results of the Cell Screening 
The two cytotechnologists A and В have screened 
twice 2 series of one hundred stained smears (PAP and 
TFC respectively) in a blind experiment The absolute 
frequencies can be read from Table I, in which I and 11 
indicate respectively the first and second screening 
of one stained series of smears, and the numbers 1 to 
5 correspond with the categories of judgement. 
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Response frequencies belonging to the screened data 
DetectabiUty 
The applied signal detection model has been 
tested by a chi-square analysis, which did not lead to 
rejection at a 51 significance level 
Values for d' were estimated for all screenings. 
Comparisons can be made of judgements of only normal 
cases mutually (leading to d ,
n n
) , of judgements of 
just abnormal cases mutually (yielding d' ) and of 
normal to abnormal cases (yielding d '
a n
) . Obviously 
the first two cases should not yield significant d'^-
or d,
aa
-values if intra- and interobserver differences 
are negligible. 
Results for d' are given in Table 2, from which 
the conclusion can be drawn (Table 2a) that all d* 
have rather high values and that there is no signifi­
cant intra-observer difference between the judgements 
of normal cases in the first and the second screening 
or between those of abnormal cases in the first and 
the second screening. This justifies the compilation 
of the frequencies belonging to the two different 
screenings I and II of each observer. 
Table 2b shows that the interobserver difference 
is negligible too, which allows another compilation of 
frequencies given by the (added) screenings of A and В 
Finally Table 2c indicates a significant differ­
ence of the d'
a n
 belonging to PAP- and TFC-stained 
smears. 
For the given numbers the information from Figure 2 
has been used to determine the significance of d'-
values. 
Diagnostic Output 
For D-calculations two sets of weighting factors 
(one set for PAP, another for TFC) were determined 
from the two gaussian distributions, calculated to fit 
the compilated data with the signal detection model 
With these factors the D-values, as given in Table 3, 
were calculated according to equation (2) 
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Table 3 
Diagnostic output values for the screened data 
The diagnostic output of abnormal cases (D
a
) is much 
lower than the D
n
 of corresponding normal cases, which 
implies that there is a greater probability of a prior 
normal case to be classified correctly than of a prior 
abnormal case to be classified as abnormal. 
The two different staining methods yield the same D
n 
and D
a
 for A and В respectively, whereas the D
a
 for A 
and the D
n
 for В are both raised pleading in favour of 
the TFC-techmque 
Visualisation of the Signal Detection Modelfit. 
The gaussian distributions used for d' and D-cal-
culations are illustrated by Figure 3, in which theore­
tical absolute values of detectability and diagnostic 
output are indicated by lengths of arrows. 
An optimal fit was applied to the data with fixed 
criteria to determine the four shown gaussian curves. 
If the borders of the middle (atypical) category are 
taken as references, the areas (P(N|a) and P(A|n)) 
under the curves represent classification errors . 
Finally the classification error values belonging to 
the raw and fitted data have been calculated in Table 
6. 
Table 2 
Detectability index values for the screened data. 
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Figure 3 
Signal detection model fit to the screened data 
technique for several reasons As the PAP-stain con-
sists of five different components, it results in 
differently coloured cells with varying contrast with-
in the cells. The TFC-stain results in similarly 
stained cells with optimal contrast between nucleus 
and cytoplasm, thus making visual interpretation 
easier. Also the PAP-techmque stains more intensely 
material present in a cervical smear that is not 
informative for the detection of cervical cancer and 
its precursors, such as bacteria, protein and non-
biological artifacts, thus masking the crucial informa-
tion in the whole picture. The noisier appearance of 
PAP-data can be traced back in the greater variance of 
the observation variable distributions (illustrated 
by Figure 3) 
The results obtained with the applied psycho-
physical techniques suggest their subjective accepta-
bility over a wide range of applicability in medical 
diagnostic problems. 
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PRIOR 
normal abnormal normal abnormal 
DATA 
MODEL 
65 295 50 270 
73 307 51 238 
PAP TFC 
Table 4 
Classification error before and after model fit 
V. Discussion 
In this study the signal detection theory and 
diagnostic quality measures have been applied to the 
classification of differently stained cervical cell 
images. This psychophysical approach of classification 
problems concerning medical images about which prior 
information is available, is found to be useful and 
fruitful. 
First of all it is clearly demonstrated by the 
results obtained from detectability index (d') calcu-
lations that there is a good discrimination between 
prior labeled normal and abnormal cervical smears for 
both stains considered (PAP and TFC). 
However, extra information is yielded by the 
diagnostic output, that takes the confidence with which 
judgements are given by the two observers into account. 
The diagnostic output-values demonstrate that the 
number of correctly classified normal cases exceeds the 
number of correctly classified abnormal cases consider-
ably, which implies that the observers are inclined to-
wards 'normal' judgements in this classification 
problem. 
The values of d' and D both indicate that the 
reproducability of classification results is sufficient 
for both observers. 
Ultimately it can be concluded that there is a 
difference between the classification results obtained 
from smears stained with either the PAP-or the TFC-
technique 
The diagnostic output shows further details of the 
improvement of classification from TFC-stained material. 
This result can be explained by the fact that the PAP-
techmque causes a noisier smear image than the TFC-
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Abstract 
Medical images, especially those composed 
artificially by computer reconstruction, may 
contain more information than the human eye can 
perceive. Despite the fact that humans are ex­
cellent visual pattern recognizers, additional 
information extracted by computation may en­
hance diagnosis capability. 
This study compares visual judgements of 
ganna camera images and shows that classifi­
cation improvement can be obtained if human 
judgements and statistical output are combined. 
ROC analysis accounts for quality assess­
ment of human judgements. For a particular set 
of grey level cooccurrence measures a Fisher 
linear discriminant is calculated. After com­
paring performance of judgements and discrimi­
nant figures another Fisher discriminant is 
composed of both human judgements and statis­
tical measures, shoving the possibility of thus 
reducing the number of false diagnoses. 
INTRODUCTION 
The frequent use of diagnostic medical images 
which are artificially produced or enhanced by com­
puter processing1 is accompanied by problems con­
cerning the real diagnostic value of the computer 
process. There is a legitimate need for methods of 
evaluation regarding the additional diagnostic 
value of the medical images themselves 2' 3' 1*' 5 , 6' 7 
and of computer generated aids, which become more 
or less readily available when a picture has been 
digitized. Such performance studies demand, how­
ever, the availability of reliable prior diagnostic 
knowledge as α necessary prerequisite. 
The present study compares classification per­
formance of gassa-camera images judged by human ob­
servers to the performance of cooccurrence parame­
ters extracted by computation. These images repre­
sent static scenes composed of pixels carrying 
grey-level information coupled to a coordinate 
pair. It 19 assumed that information indicating 
pathologies is locally bounded and that global 
spatial information is of minor importance* It can 
be expected that human observers are quite sensi­
tive to shape and especially to synmetry para­
meters, but in addition, also information carried 
by statistical local variables might contain 
valuable information for which human observers are 
less sensitive. A combination of the two would then 
lead to better diagnostic results. 
A final problem which ve will try to handle 
here is the determination of the optimal combi­
nation of human judgements and computer output in 
the sense that the number of false diagnoses is 
minimized. 
CLASSIFICATION OF IMAGES BY VISUAL INSPECTION 
Despite che fact that the visual detection of 
pathologies seems an all or none process, practice 
learns that human judgements are characterized by 
a continuum containing all degrees of uncertainty 
between a surely yes and a surely no. So we postu­
late a subjective decision variable which is the 
product of weighing several relevant observed fea­
tures of an image. In order to be able to follow 
the gradual judgement of observers more closely, 
they are requested to label each image along a five-
point scale consisting of the following categories 
no pathology, probably no pathology, uncertain; 
probably diseased, diseased 
The four observers in our experiments were un­
aware of other medical indications of the same pa­
tient so that we could compare image deductions 
with the final medical diagnosis which was known 
for all clinical images in our experimental set . 
Images were obtained from the Utrecht Clinic of 
Nuclear Medicine*. 
The results of the experiments can be used in 
ROC methods to calculate the detectability of a 
pathology in the experimental set of images 
achieved by combination of several (7) judgements 
of each of the observers. Moreover, as a more 
direct measure, we can define an optimal cut-off 
category of judgement and count the resulting mini­
mal number of false diagnoses using this cut-off. 
STATISTICAL SPATIAL ANALYSIS 
Texture analysis8 of medical X-ray images by 
the grey level cooccurrence approach9 has been 
shown10 to contribute to the detection of lung 
diseases, and we expect that also in gamma camera 
images this method will be of value. In the follow­
ing we prefer to speak about "cooccurrence" instead 
* The authors are indebted to Prof.Dr. K.H. Ephraim 
and C.N. de Graaf for placing the digitized 
images at their disposal. 
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of texture because the latter term is rather vague­
ly defined. The grey level cooccurrence parameters 
are derived from the cross-correlation of a central 
pixel grey value with those of a rotation symnetnc 
annular window. Several statistical measures of 
grey level cooccurrence have been studied by us, 
such as squared mean, difference mean, peak 
value, entropy etc.^** 2 Ten of those measures 
have been selected (the least correlated parameters 
with the highest classification power m the case 
under study) for a discriminant analysis Moreover 
the annular window radius for the cooccurrence cal­
culations has been varied systematically, restrict­
ed because of the following reasons 
1) The annular radius should not exceed the extent 
of the structure of pathology 
2) The progressive decrease of correlation between 
annulus grey levels and center grey level di­
minishes its possible use with greater radii. 
3) Larger annuii lead to fast increasing calcu­
lation times. 
For these reasons calculations were made for 
annuii with radii (chessboard distance) of I, 2 and 
3 pixels consecutively. 
In order co be able to compare the images in 
a standardized way, all images were adapted to the 
ваше grey level range. Next a so-called histogram 
equalizing13 was employed which is allowed if the 
information of the first order grey level histogram 
itself is negligible. After this process all images 
had nearly identical first order grey level distri­
butions, which allows the comparison of the norma­
lized cooccurrence parameters. These parameters 
are sumarized in Table I. 
Values of geometrical (shape) features and 
first order histogram features were also calculated 
but failed for classification purposes 
TABLE I 
Τ : - d i s c r e t e image p i x e l g r i d . 
С . * two d i m e n s i o n a l d i s c r e t e c o o r d i n a t e 
p a i r . 
d ( t i , t 2 ) · " c h e s s b o a r d d i s t a n c e o f t\ and t2· 
M ( t i ) : * v a l u e o f p i x e l t i in image m a t r i x M. 
N : - Number of grey l e v e l s i n image M. 
Cooccurrence m a t r i x e l e m e n t F ( i , j ) by d e f i n i t i o n 
P ( n ) ( i , j ) - » « t i . t 2 ) € τ 2 | d i t a t a ) - n , 
, ( M U O - ι л M ( t 2 ) - j ) ν ( ] ) 
( M i d ) - j A M ( t 2 ) - ι ) ) € M 
€ K T j e i T 
η ε м 
Cooccurrence m a t r i x n o r m a l i z a t i o n f a c t o r : 
Ν N 
| p ( n ) | : - ε 8 i 8 p ( n ) ( i . j ) e w + 
1-Ï j - 1 
(2) 
P ( n ) 0 0 K
 x+y 
v8 r 8 <nb ^ 
Σ Σ ρ ( i , j ) 
i - l j - 1 
i + j - k 
( 4 ) 
1c - 2 , 3 2N 
Ρ
( η )
χ - / » 
Ν N 
Σ
8
 г\ ( п ) и. ; ) 
l - l j = l 
l i-j l-fc 
(5) 
к - 0 , 1 , ,Ν -I 
g 
S e l e c t e d C o o c c u r r e n c e F e a t u r e s f o r F i s h e r Combi-
CL (Squared Mean) 
Ν N g g 
Σ Σ ( i . j ) p ( i , j ) 
i - l j - 1 
toemonic MSXY 
C¡ ( D i f f e r e n c e Mean) 
II - I 
g 
E к ρ (к) 
(6 ) 
Η* 
( 7 ) 
i n e m o n i c · ΜΧΜΙΝΥ 
Cj ( D i f f e r e n c e V a r i a n c e ) 
S -I 
К 
Σ (к - ΜΧΜΙΝΥ)2 ρ _ (к) 
k-O •x-y 
(8) 
ftiemomc VXMINY H. 10 Ρ 10 
Ci, (Inverse Difference Monent) 
Η N 
8 в 
E Σ (l/(l-(l-j)2))p(l.j) 
h-ì j-1 
(9) 
•taemonic M0MDIF H S Ρ 5 
Cs ( D i a g o n a l V a r i a n c e ) *-
Ν Ν 
( 1 / Ν J Σ ( < ρ ( ι , ι ) 2 - < Σ ρ ( ι , ι ) / Ν ) 2 ) (10) 
Mnemonic. XYVAR Ρ 17 
(1) + (2) - (3) 
„(η) 
loin)I О) * see Haralick for corresponding features. 
** see Pressman ^¿ for corresponding features. 
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C6 (Angular Second Moment/Energy/Homogeneity) 
8 8 
Ζ Ζ (pCi . j ) ) 2 
Mnemonic. ENERGY 
C 7 (Matrix Peak Value) -
Max (pCi.j)) 
Mnemonic. PEAK 
( 1 1 ) 
(12) 
Ce (Entropy) . -
Ν N 
8 8 
Σ Ζ Cpd.j) · 2 l o g ( p d . j ) ) 
i - l j - l 
( 1 3 ) 
Mnemonic. HXY H. 9 Ρ 9 
Сэ (Sum Entropy) : -
2N 
"
 Σ ( P
. + V ( k ) ) * 2 l 0 * ( Рж+
 ( к ) ) 
k-2 ' У 
( U ) 
№i emonie HXFY H* 8 P. 8 
C 1 0 (Difference Entropy) . -
N -1 
* <Р
Ж
- <к>) * 2 1 0 B < P , - v ( k ) ) 
k-Û гя-у *x-y 
(15) 
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LINEAR DISCRIMINANT ANALYSIS 
FOR CLASSIFICATION TASKS 
Nov that we have ten cooccurrence paraaetere 
for each radius the question arises whether all pa-
renetere are equally powerful for the diagnostic 
discrimination task. Such can be analyzed by multi-
variate analysée11*'*5*16. We have chosen here for a 
Fisher linear discriminant analysis yielding 
weighing coefficients of the parameters in order to 
reach optimal classification by means of a linear 
combination of the data components. Three Fisher 
discriminants ?i, Fj and F3 for three different an-
nular radii were obtained in this way, using the 
interactive pattern analysis system ISPAHAN17. Now 
the detectability d'1**1^ of the three discrimi-
nants can be determined and compared to the de-
tectability reached by human observers. 
Next ρ as with the observers data, we may de­
fine an optimum cut-off level and count the number 
of false diagnoses! now based merely on cooccur­
rence data. 
The final thing to do is to pool the Fisher 
discriminants mentioned above with the judgements 
of the observers and to compose a new Fisher linear 
discriminant to see which improvement in detecta­
bility and number of false diagnoses can be obtain­
ed by the optimal combination. 
EXPERIMENTAL METHODS 
A set of 61 scintigraphic heart images has 
been used in all experiments. Of these 27 were nor­
mal 20І-ТІ myocard images and ЗА represented myo­
carde in pathological condition. The images were 
available in a 64 • 64 pixel raster format with Я 
bits grey per pixel All image processing was done 
with a RAMTEK graphic display coupled to a DEC PDP 
11/45 minicomputer. 
First the images were segmented20 such that 
the myocard was isolated from its background by an 
interactively matched ellipse. Inside the elliptic 
segment a normalizing of grey scale levels was car­
ried out followed by histogram equalizing. The re­
sults of these calculations are shown in Figure I 
for an abnormal myocard. 
Next three cooccurrence matrices were calcu­
lated with different annulus radii. These matrices 
are shown in Fig. 2 for the same myocard as 
Figure 1 
As has been mentioned before, the cooccurren­
ce matrix is the basis for calculation of the ten 
selected statistical parameters. 
EXPERIMENTAL RESULTS 
The responses of the four human observers 
(R]-^) reached a mean detectability of pathology 
d' - 1 5 whereas the mean detectability of the 
Fisher discriminants for the three annuii (Гі-Гэ) 
showed a mean detectability of d' - 1 3. 
The question now is whether or not both kinds 
of detection are based upon the same information, 
Therefore correlations were calculated between the 
Fisher discriminants R and the mean response F of 
the observers. These are shown in Table II. 
TABLE II. 
Correlations of mean responses (Ri-Ri.) and three 
Fisher linear discriminants 
Fl 
F2 
л. 
Ra 
«2 
R, R 2 R3 
0.24 0.Q6 
0.34 0.08 
0.36 0.06 
η 
O.SO 
0.34 
0.46 
0.23 0.60 0.67 
0.48 0.57 
0.23 
jvithinl 
(underllDcd: ρ < O.OS) 
frr'jJ·. 
Λ. F3 *2 
0.30 0.53 0.58 
0.14 0.77 
0.37 К«*Ч 
Normal hearts 
(27) 
-continued page after figures-
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FIGURE 1 
ABNORMAL MYOCARD IMAGE 
SY0:GAM041.IMT 
MINIMUM : 5.000E+01 
MAXIMUM : 2.550E+02 
ELLIPTICAL SEGMENTATION 
SY0:GAM041 .RMT 
MINIMUM : 5.000E+01 
MAXIMUM : 2.550E+02 
255 
MIN—MAX RANGE RESCALING 
SY0:GAM041.RMT 
MINIMUM : 9.200E+01 
MAXIMUM : 2.240E+02 
HISTOGRAM EQUALIZATION 
SY0:GAM041.EQU 
MINIMUM : 9.200E+01 
MAXIMUM : 2.240E+02 
255 
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FIGURE 2 
HISTOGRAM EQUALIZATION 
S Y 0 : G A M 0 4 1 . E Q U 
MINIMUM : 9 . 2 0 0 E + 0 1 
MAXIMUM : 2 . 2 4 0 E + 0 2 
COOCCURRENCE MATRIX 
CHESSBOARD DISTANCE 1 
SY0:ME0041.COC 
MINIMUM : 0 - 0 0 0 E - 0 1 
MAXIMUM : 7 . 2 0 0 E + 0 1 
255 72 
COOCCURRENCE MATRIX 
CHESSBOARD DISTANCE 2 
SY0:ME0141.CDC 
MINIMUM : 0 . 0 0 0 E - 0 1 
MAXIMUM : 5 . 8 0 0 E + 0 1 
COOCCURRENCE MATRIX 
CHESSBOARD DISTANCE 3 
SY0:ME0241.CDC 
MINIMUM : 0 . 0 0 0 E - 0 1 
MAXIMUM : 1 .040E+02 
58 104 
Ш 
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Table II (continued) 
Fl 
F2 
Fs 
Rh 
R3 
R2 
Ri R2 
0 . 1 0 0 . 2 4 
O . U 0 . 3 1 
0 . 0 6 0 . 2 6 
0 . 2 1 O.Al 
0 . 3 1 0 . 3 8 
0 . 0 2 
| w i t h i n | 
( u n d e r l i n e d ρ < 
R3 
b 
e 
t 
w 
e 
e 
0 . 2 2 
0 . 3 4 
0 . 3 0 
JU 
0 . 6 7 
0 . 0 5 ) 
Rx 
0 . 2 6 
0 . 3 1 
0 . 3 1 
F3 F2 
0 . 5 2 0 . 6 7 
0 . 7 7 
|w i th in | 
D i s e a s e d h e a r t s 
( 3 4 ) 
TABLE III. 
РегЕогшапсе of human observers! cooccurrence fea­
tures and Fisher linear discriminants of both, 
Р
з 
d' 
( d e t e c t a b i l i t y ) 
£ 
Ρ 
( fa l se posi­
t i ves ) 
f 
η 
( fa lse nega­
t i v e s ) 
Ρ η 
a. 
\ and F3 
separate 
Ri 
1.0 
6 
12 
18 
»2 
1.5 
7 
β 
15 
R3 
1.5 
12 
3 
15 
R» 
2.1 
6 
4 
10 
Fl 
1.0 
·' 
5 
16 
F2 
1.4 
10 
4 
14 
F3 
1.5 
4 
10 
14 
R i 
d' 
Ρ 
f 
η 
f 
Combinat ion 
Ri 
1.3 
10 
2 
12 
«2 
1.6 
6 
4 
10 
Ra 
1.5 
6 
4 
10 
Ri. 
2 . 2 
3 
5 
8 
с . 
Combinat i o n 
R 1 - F 2 
Ri 
1.6 
7 
4 
Π 
R2 
1.9 
6 
3 
9 
«3 
Ι . β 
7 
4 
1 I 
Нц 
2 . 3 
3 
4 
7 
d^ 
Combinat ion 
R
r
F 3 
Ri 
1.6 
4 
8 
12 
R2 
1 9 
4 
5 
9 
R3 
I 8 
6 
4 
10 
R-
2 . 2 
3 
3 
6 
Despite limited accuracy the general tendency 
seems to be that human observers and the three 
Fisher discriminants show a higher "within" corre­
lation than "between" correlation. This wuld be an 
argument to look for a linear Fisher discriminant 
for these two kinds of data. 
First ve have to consider some properties of 
the three Fisher discriminants in order to be able 
to select the best candidate for a combined dis­
criminant. It appears that the number (10) of sta­
tistical measures is abundant and that a number of 
three to five would be sufficient to maintain re­
presentation and classification power (principal 
component calculations showed that over 902 of the 
data energy is concentrated in the first four com­
ponente, for all three cooccurrence radii), 
Furthermore it appears that normal image data 
yield a much smaller clustering constant than ab­
normal data which would be in accordance with the 
fact that pathologies have different appearances. 
Comparison of the three Fisher discriminants shows 
that F2 and F3, corresponding with the wider 
annuii, perfono best in the combination with the 
observer's output. For this choice detectabilities, 
number of false diagnoses and correlation coeffi­
cient have been taken into account. The final re­
sults are suamanzed in Table III. 
The mean of the detectability of the four ob­
servers has been unproved significantly by employ­
ing a combination with cooccurrence computer out­
put The total number of false diagnoses could be 
decreased with over 30J for each of the 4 ob­
servers. 
Note that in one instancet i.e. f (Table 
η 
III) the cooccurrence discriminants Fj and F2 per­
form better alone than Гэ ID combination with Ri. 
However, in practical situations one does not know 
whether a case is normal beforehand, so it must be 
the total number f » f + f which determines the 
ρ η 
quality of the combination. 
DISCUSSION 
We have been able to show that computed image 
paraneters may add valuable information to human 
judgonent of scintigraphic images. Our choice of 
cooccurrence paraneters as a computed aid has been 
an intuitive one and can be questioned. It seems 
clear that any choice should meet three criteria: 
1) Preferably those features should be selected 
which the visual system fails to perceive. Human 
observers are pattern recognizers not yet 
matched by computer programs and hardware, so 
it makes no sense to duplicate capabilities 
of the visual system. 
2) The selected features should carry sufficient 
information regarding the pathologies involved. 
In this sense local statistical irregularities 
could be caused by inhomogeneous muscle tissue 
or ischaemia which very well could indicate 
pathology. 
3) The additional information should be sufficient­
ly independent upon visually acquired inform­
ation in order to possess the capability for 
diagnosis improvement. Because of lack of this 
last property we scored a smaller improvement 
than we expected to do according to the first 
two criteria. Probably our local statistical 
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parame t e r e , n o t p e r c e i v e d *a such by t h e v i s u a l 
s y s t e m , s t i l l have a c o n e i d e r a b i e c o r r e l a t i o n 
w i t h o t h e r v i s u a l l y n o t i c e d i r r e g u l a r i t i e s . 
In a s far as our d a t a g o , i t seems t h a t l e s s 
c a p a b l e o b s e r v e r s can p r o f i t more from computer 
a i d . In t h a t s e n s e computer a i d r e d u c e s t h e r a t h e r 
l a r g e d i f f e r e n c e s b e t v e e n o b s e r v e r s . 
The c o m b i n a t i o n o f d i f f e r e n t d a t a t o an o p ­
t i m a l d i s c r i m i n a n t i s a problem o f compromise i n 
i t s own r i g h t . The c o m b i n a t i o n of t o o many c o r r e ­
l a t e d f e a t u r e s which cannot be measured n o i s e - f r e e 
p r o d u c e s a d i s c r i m i n a n t t h a t c a r r i e s t o o ouch n o i s e 
f o r opt imal f u n c t i o n i n g 2 1 . 
On t h e o t h e r hand n o t i n c l u d i n g f e a t u r e s w i t h 
independent i n f o r m a t i o n i s e u b o p t i m a l in t h e s e n s e 
t h a t n o t a l l a v a i l a b l e i n f o r m a t i o n i s u s e d . The 
c a s e i s even more c o m p l i c a t e d by t h e f a c t t h a t 
g e n e r a l l y t h e r e are four s o u r c e s o f i n f o r m a t i o n 
which a c t u a l l y shou ld be taken i n t o a c c o u n t : 
1) The p h y s i c i a n ' s d i r e c t o b s e r v a t i o n * 
2) Laboratory d a t a . 
3) The medica l image o b s e r v a t i o n . 
4) Computerized data from t h e image. 
Here we have o n l y c o n s i d e r e d c o m b i n a t i o n s o f 
s o u r c e s 3 and 4 . 
For t h o s e two t h e s t u d y o f o p t i m a l w e i g h i n g 
p r o c e d u r e s for human and machine judgements seems 
j u s t i f i e d i n f i n a l c l a s s i f i c a t i o n t a s k s . In such 
p r o c e d u r e s w e i g h i n g f a c t o r s can be updated c o n t i ­
n u o u s l y t h u s making f e a s i b l e a f l e x i b l e c o o p e r a ­
t i o n in fu ture t a s k s be tween man and computer. 
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FEASIBILITY OF FEATURES FOR VISUAL CLASSIFICATION OF LUNG RADIOGRAPHS 
J.P.J, de Valk and E.G.J. Eijlonan 
Department of Medical Physics and Biophysics, 
University of Nijmegen, 
Nijmegen, The Netherlande. 
It is well known that among radiologists appreciable discrepancies exist in their 
judgement about the nature and the degree of pathology in radiographs which show ab­
normalities. In order to diminish these discrepancies a standard reference set with 
classification features may be employed. The efficacy of the proposed features must be 
determined and the possibility of computer aids improving their efficiency is worth 
investigation. The present study analyzes the ILO U/C pneumoconiosis classification 
features for the 1971 standard reference set for which prior knowledge of pathology is 
available. Seventeen human observers scored the standard set of these thorax radio­
graphs employing six features. ROC-analysis of the results shows that there are rather 
large differences between observers and between features. It is suggested that some 
features can be improved if using computer calculated parameters and that at the same 
time observer variability can be reduced. 
1. INTRODUCTION 
There is an increasing interest in advances of 
medical decision making especially in cases 
where complex data must lead to one of a few 
alternative decisions. This problem is сопшюпіу 
attacked by explicitly defining features and hy 
rating the data set according to those features. 
Also in the field of medical imaging the pro­
cedure of defining features has a number of 
advantages The complex data contained within an 
image can be reduced to the parametrization of a 
few important features. Moreover different opi­
nions about a certain image can be more clearly 
traced and better expressed if it concerns a 
particular feature. Finally optimum classifica­
tion procedures can be constructed once a 
representative learning set of complex data is 
expressed in scores for a restricted number of 
features. 
Evidently tasks which must preceed in practice 
classification are the following. A number of 
features must be proposed after interviewing 
experienced medical practitioners. Next a learn­
ing set oust be chosen which is scored according 
to selected features and for which a perfect 
medical knowledge is available. Thirdly features 
have to be evaluated and their weights determined 
in respect to their contribution to a medically 
relevant result 
The present paper deals with a data set for 
which the first two steps have been taken and 
for which an internationally accepted classifi­
cation scheme exists. The data is the 1471 
standard reference set of the ILO t/Γ classifi­
cation [l] features for thorax radiographs 
suspected of pneumoconiosis The proposed 
features are evaluated concerning their use as 
determinants of the seriousness of the progres­
sion of che disease and for their inter- and 
intra-obscrvers variability [2] This can he 
done bv means of ROC-analysis [3,5] and hv the 
fact that posterior diagnostic knowledge is 
available through consultation and confirmation 
of medical experts in this field. 
The final goal of classification of radiographs 
is of course the increase of quality of the 
decision for eventual therapeutic action. There­
fore features which give ambiguous or variable 
results should be exposed and be given less 
weight in the diagnosis or discarded. There is 
also a possibility to accompany auch feature 
scores by a computational figure which will make 
their effect less subjective and less variable. 
2. IMAGES AND FFATURES 
A subset of 16 radiographs from the ILO U/C set, 
balanced for the type and the extent of email 
opacities, was carefully sampled in a 512 χ 512 
pixel raster format. For this sampling a high 
precision cathode ray tube waa used as a flying 
spot scanner followed by an 8-bit digitizer (see 
Figure I). In order to reach optimal definition 
a square part (26 χ 26 an 2) of the original radio­
graph (34 χ 34 cm 2) was used for display. This 
implies that the finest detail is limited to 
about 1 nm which is quite acceptable for the 
present detection task. Before the pictures are 
shown on a high quality television monitor it is 
necessary to carry out a y-correction (which is 
a power function transformation) on the digitized 
data. This is done to compensate for the alinear 
intensity transformations in the recording-digi­
tizing and display chain. The compensation was 
carried out by means of a look-up table in the 
graphics system employed. At the same time the 
data was compressed into a 6-bit range 
A RAMTEK 9300 graphic color video display sys­
tem coupled to a PDP 11/45 minicomputer was 
used Vith this system a maximum transfer rate 
can he obtained of 4 images of 512 χ 512 pixels 
per minute, which is more than sufficient for 
our display purposes. 
In this studv a subset of the ILO-scheme feature 
set was used This was done for two reasons 
First features concerning large opacities are of 
little or no interest here because their pre-
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Figure 1; The digitizing of a radiograph. 
sence is obvious and their detection is without 
doubt. 
Secondly some features such as 'pleural thick­
ening' , 'diaphragm outline' and 'pleural calci­
fication' concern complex medical cases differ­
ing from those of the small opacities in a pro­
gressing pneumoconiosis. 
The selected features were the following ones 
(see also Table I): 
1. PATH. The general impression of pathologj of 
the picture rated according to its serious­
ness, 
2. SHAP. A judgement about the prevailing shape 
of opacities in the picture* round or irre­
gular. 
3. RSIZ, A rating of the size of the roost 
frequently occurring round opacities. 
ή. RPRO. A rating of the profusion of the round 
opacities. 
5. ISIZ. A rating of the size of the most fre­
quently occurring irregular opacities. 
6. IPRO. A rating of the profusion of the irre­
gular opacities. 
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It is clear that these features concern the re­
gions of interest in the picture, being between 
ribs and outside of the heart region. 
The choice of the ILO U/C scheme is mainly based 
upon the fact that we have here a practical case 
with which a large experience exists and for 
which we can rely on prior information. 
3. METHODS 
ROOanalyeis frequently employed in visual psy-
chophysics is often described m the literature 
[3,4,5]. As stimulus material 16 images from the 
standard set were used. The images were subdi­
vided into 6 rectangular segmenta containing 
left and right; upper, middle and lower lung 
field respectively. This results in 96 stimuli 
(see also Table I), three of which had an excep­
tional high overall opacity and therefore were 
left out. Observers had to rate on all six fea­
tures for every segment. During the display on 
a high quality TV screen the 6 lung segments 
were delineated by red lines while the image was 
displayed in a cyan color, which was judged as 
optimal by specialists in the field. 
In the experiments 17 subjects, not highly train­
ed in these matters, participated and went 
through an introduction and instruction session 
where features and ratings were discussed Then 
two experimental ееβвions were completed, each 
taking about one hour. In one session 6 images 
were analyzed. Each image was shown for 2 mi­
nutes without segmentation and thereafter for 
about 6 minutes with segmentation. Scores on all 
six features and for all segments were fed di­
rectly into the computer. 
In practice human judgements almost never appear 
to be essentially dichotooous but rather con­
tinuous of nature, especially if complex pat­
terns oust be judged. This often indicates the 
uncertainty of the observer, which can very well 
be expressed on a five point scale, e g. bearing 
the following characterization: very little or 
absent, little; intermediate; much; very much. 
Scores following these categories can be used to 
perform a ROC-analysie, from which a detectabi-
lity d' can be extracted. The prior classes of 
confirmed pathology and of others are defined 
from the ILO-classification values in consulta­
tion with 2 medical experts. 
The detectabilities d' extracted from the expe­
riment were tested for their significance per 
feature and per subject. Also the assumptions, 
used in calculating d'-values regarding Che dis­
tributions of underlying judgement variables 
were tested by x2-analysis. It would be possible 
to study false positives and false negatives 
more closely and define a diagnostic output [6]. 
However, this is strongly dependent on the de­
cision level of therapeutic action. Fxplicit 
formulations of these levels are not available. 
A RESULTS 
Detectability calculations of 17 observers are 
shown in Table II All d'-values reaching signi­
ficant levels have been put in tta^fs. We will 
look more closely now to the 6 features res-
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0.23 
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0.43 
0.86 
0.68 
0.60 
0.98 
0.66 
-0.34 
0.30 
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0.44 
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RSIZ 
0.54 
0.81 
1.56 
0.55 
0.61 
1.36 
0.83 
0.91 
0.69 
0.63 
0.76 
1.16 
0.78 
0.88 
0.81 
0.86 
0.76 
0.74 
0.86 
0.28 
RPRO 
1.37 
0.68 
1.17 
0.61 
0.84 
1.04 
1.07 
1.70 
0.60 
0.83 
0.27 
0.86 
0.48 
1.06 
0.83 
0.84 
0.70 
0.74 
0.89 
0.35 
Table II. Values of d' and modelfit of pneumo-
conloáis teature data.' 
UnderlineJ Signal detection model fit to data 
rejected by x2-an*lysi· (ρ < 5X). 
Σ0 pooled observers (*except JV). 
m mean value d*, β * standard deviation d'. 
pectively. All observers reached significant 
(p < 57) detection indices for the detection of 
pathology (PATH) with values in the range of 
0.49 - 1.37. For the purpose of reference it is 
reminded that for a zero d' the probability of 
a false positive is equal to the probability of 
a hit and d' > 2.5 means that a correct de­
tection is possible almost without exception, 
negative d*-values point to reversed detections, 
implying that the probability of a false posi­
tive exceeds that of a hit. The feature SHAP 
brought at least 4 observers m difficulties as 
shown by their d'-levels that do not reach sig­
nificant values. Moreover the scale relating 
the shapes concerning their roundness or their 
irregularity probably is not unidimensional, as 
both forms could occur m the same picture. The 
range of d'-values from 0 01 - 1.23 points to a 
large variability Here three out of 17 cases 
had to be rejected at the 5Z level by x2-ana-
lysis concerning the assumption of normal dis­
tribution of the decision variable 
The detectabilities of RSIZ scores are in the 
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range 0.54 - 1.56. All observers reached sig­
nificant detectabilities. Nearly the same holds 
for RPRO, for which all observers but one 
reached significant detectabilities, ranging 
from 0.27 to 1.70. Quite different is the case 
for ISIZ and IPRO as 12 observers could not per­
form adequately, 5 of them even producing nega­
tive detectabilities for these features. In con­
clusion it can be stated that 3 out of 6 fea­
tures do not give evidence of a real contribu­
tion to the diagnostics of the images for all 
observers. Although the variability among ob­
servers is larger than we expected for the other 
features, they show sufficient quality for justi­
fying their choice. Contrary to this the three 
features involved in stating the occurrence and 
extension of irregular shapes are rather vari­
able among observers to the extent that their 
score results cannot be valued very highly. 
There is a slight indication that the hypothesis 
concerning the distribution of judgement varia­
bles cannot be upheld as in II out of 102 χ2-
tests model rejection resulted at the 57* level 
of confidence whereas 5 or 6 would occur by 
chance The feature SHAF contributed mostly to 
this result which was to be expected as the 
scaling for this feature is suspected of not 
being unidimensional. 
5. DISCUSSION 
and per segment, thus allowing us a different 
look at the conspicuity ot proposed features. 
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Abstract 
False negative results in the interpretation of 
chest radiographs can be attributed mainly to three 
sources: search errors (3ÛZ), recognition errors (25X) 
and decision errors (45Z). 
The combination of these errors carv be analyzed 
employing ROC-analysis of the various features propos-
ed, whereas study of eye movements seems suited to 
analyze search errors. A frequent question in clinical 
practice is whether the manipulation of the viewing 
process, e.g. by an intensive training or a mechanical 
aid, can lead to an improved search and recognition 
behavior Whether search behavior as demonstrated by 
the dynamics of gaze direction is influenced by the 
kind of pathology looked for, is an interesting point 
Our study of eye movement patterns yielded the 
following results: fixed scanpaths have not been found 
for four observers, although we discovered some 
systematic tendencies in the positions and durations 
of fixations Only forty per cent of the total radio-
graph area was fixated foveally, ten per cent of which 
more than eighty per cent of the time available This 
time was sixty seconds for each of the four displayed 
images· The search process seemed quite efficient 
since of the total radiograph area only thirty per cent 
was interesting in a diagnostic sense at the most 
This was consistent with information given to the 
observers during a learning period. 
The distribution of fixation durations appeared 
hardly different for the subjects. A further remarkable 
result was that che six diagnostic instructions differ-
ing in successive experiments, did not influence the 
fixation patterns significantly. Therefore the require-
ments for a mechanical search aid cannot be specified 
for the present, nor the objectives of an intensive 
training of the observers to affect the viewing process. 
The measurement of eye movement seems perfectly 
suited to monitor the completeness of the visual search 
in medical image interpretation. 
INTRODUCTION 
A considerable number of radiological images is 
inspected daily by medical specialists for diagnostic 
purposes. Often medical actions are based on results 
from such examinations In order to make maximum use 
of their potential, medical images must be inspected 
carefully and searched thoroughly for any pathology 
indication 
Practice shows that errors are easily made These 
errors may be subdivided into three main categories. 
search errors, recognition errors and decision-making 
errors (Blesser et al.t 1972, Kundel et al., 1978) 
As for the percentages of false negatives in chest 
radiograph analysis in relation to the three kinds of 
errors mentioned, the following typical figures are 
given: only 25 per cent is attributed to recognition, 
30 per cent to scanning and 45 per cent to decision-
making. 
It is suggested (Tuddenham, 1962) that search errors 
might be reduced by the application of some mechanical 
scanning aid. This would require eye movements to be 
directable by some pointer so that a more efficient 
search is achieved. 
The recognition process seems to be rather difficult 
to improve, since the complex of underlying cognitive 
processes has to be unraveled before it can be in-
fluenced appropriately (Cannody et al. > 1980, Stark et 
al*» 1981). A well-specified instruction could be a 
possible way to direct the attention of the human 
observer towards significant parts of the radiograph 
Directions of gaze and durations of fixations can in-
dicate the informâtiveness of image parts to the ob-
server (Yarbus, 1967; Mackworth et al.
 t 1967, Nodine 
et al.t 1978) 
The analysis of errors concerning the decision of 
the observer has been developed quite well by the 
application of the signal-detection model (Green et 
al. » 1966) and its results may contribute to the deter-
mination of improved decision strategies, e.g. by 
selecting optimal features (see Chapter 5 of this thesis). 
The visual scanning and recognition process may be 
Studied satisfactorily in a quantitative way by record-
ing the eye movements of the observer (e.g. Mackworth 
et al., 1967; Kunde1 et al , 1973; Gale et al., 1981; 
Reulen et al., 1982) Although sometimes fundamentally 
different, the available methods are quite reliable 
and precise, permitting accurate conclusions of 
diagnostic observation tasks 
In this chapter we will describe investigations of 
the search and recognition behavior through the 
analysis of recorded eye movements. 
The problems under study are the following: What 
can eye movements tell about the search behavior of 
observers viewing particular diagnostic pictures; do 
different instructions give rise to different eye move-
ments and do different diagnostic pictures lead to 
particular eye movements7 The question of the de-
sirability of a scanning aid may be answered by the 
results found and these results may also give indica-
tions about an ideal training arrangement for the 
human observer. 
Our interest has been concentrated mainly on the 
visual scanning process, or more precise, on the 
fixation process The reason is that the origins of the 
errors in recognition tasks could be made more explicit 
by describing search and fixation behavior in a 
quantitative way. 
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Decision errors and the influence of the modifica­
tion of physical factors have already been studied by 
us for the same and different types of images (Chapters 
2, 3 and 5 of this thesis). 
Ve will focus here on the visual scanning under 
various conditions of chest radiographs in search for 
small opacities which are characteristic for pneumo­
coniosis. With prior knowledge such as available with 
the standard reference set of chest radiographs ILO 
U/C !97I (UICC, 1970) investigations can be made of 
correlations of errors with imperfect search. 
Classification results of human observers who were 
untrained in the field of radiograph interpretation 
have been reported in Chapter 3. These indicate that 
under the given experimental circumstances non-
specialists are able to achieve acceptable results 
after a short training course. 
IMAGES AMD INSTRUCTIONS 
Four human observers were asked to judge a subset 
from the ILO U/C 1971 chest radiograph set, consisting 
of four images. The images were displayed on a high 
quality video monitor after a careful digitization 
process including gamna-correction to compensate for 
quality losses caused by the system alinearity (see 
Chapter 5 for further details). The width of the 
resulting square images was 34 cm, displayed at a 
distance of 350 cm, corresponding with a visual angle 
of 13 degrees full width both horizontally and verti­
cally. 
The smallest visible opacities covered less than 
0.06 degrees whereas the largest were not wider than 
0.40 degrees. 
Cyan was chosen as the display color, while markings 
were in red, thus yielding optimal contrast. The 
marking lines were needed for lung zone segmentation. 
A RAMTEK 9300 graphic system coupled to a PDP 11/45 
minicomputer was used for data transfer and display. 
All Images vere ''lewed consecutively by four observers 
who only had a short training in these kinds of tasks. 
Before viewing the Images under experimental conditions, 
the observers were shown a different learning set at 
their own pace. This was done by the demonstration of 
characteristics of the pathological opacities by giving 
values of the ILO features on a five-point category 
scale. The training session was continued until the 
subjects said to be prepared for the proper experiments. 
After this training all observers were first asked 
to view each of the consecutively displayed images in 
the experiment freely. Next they were asked to inspect 
the images In such a way that they could give an answer 
to one of the following questions at a time: 
1 How serious are present pathologies? 
2 What is the degree of roundness of present patholo­
gies? 
3 What is the size of the most frequently occurring 
round opacities? 
4 What is the profusion of the most frequently 
occurring round opacities? 
5 What is the size of the most frequently occurring 
irregular opacities? 
6 What is the profusion of the most frequently 
occurring Irregular opacities? 
Questions 1 to 6 were selected according to the 
features analyzed in Chapter 5, which in their turn are 
based on the ILO U/C 1971 classification scheme. For 
each task a scanning time was permitted of sixty 
seconds, subdivided into six parts of ten seconds for 
upper right, middle right, lower right, upper left, 
middle left and lower left lung zone respectively. 
Each search was started from a reference cross in 
the middle of the four upper lung zones. The observers 
were instructed to fixate the corner of the zone under 
Inspection if they wanted to end the search of a zone 
within ten seconds before continuing to the next one. 
Altogether each image was inspected fay every 
observer under seven different conditions, determined 
by instructions. 
To ensure accurate calibration of the eye position 
signals and to eliminate small drifts and allnearities 
a matrix of fixation points was shown before and after 
each image (see Figure la). The eye movements were 
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Figure la: Fixated pattern of reference points for 
calibra.tlon of eye positions; range 13 
degrees in horizontal and vertical direction. 
Figure lb: Directions of gaze of subject LE during a 
free inspection for sixty seconds of radio­
graph ql; sample frequency 500 Hz. 
recorded using the double magnetic Induction method 
(Reulen et at.
 t 1982), while the heads of the observers 
were restrained by a biteboard and a forehead rest, 
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which made it impossible for them to answer questions 
verbally. This inmobility was required to avoid dis­
turbance of the sensitive magnetic field measurements. 
The eye position coordinates were sampled with a fre­
quency of 500 Hz for sixty seconds during each of the 
112 experiments (four observers, four images and seven 
tasks), employing a lowpass filter before digitizing 
(-3 dB at 180 Hz). The spatial resolution is twelve 
bits for a maximum visual angle of thirty degrees in 
all directions, of which ve finally used the five most 
significant bits covering thirteen degrees in χ- and 
y-direction. This allowed the projection of the 
recorded eye positions onto the scanned images within a 
precision of 0.40 degrees, whereas the method itself 
has an accuracy of 0.25 degrees up to 25 degrees 
eccentricity. Since the angles of view in our experi­
ments were all within 6.50 degrees eccentricity, the 
eye movement recording system was linear within I per 
cent. 
The maximum duration of a session was one hour for 
each observer and two sessions on one day were sufficient 
to view all images under all conditions for one ob­
server. 
The first of these conditions always concerned a 
free inspection, i.e. a task implying the free in­
spection of an image during sixty seconds without any 
restricting instructions, while eye movements were 
recorded. This task always preceeded the inspection of 
the six lung zones in search for an imaginary answer 
to a particular question concerning the features we 
were interested in 
DATA ANALYSIS 
The four images from the reference set denoted by 
r3, ql, si and q2 (see ILO-code in Chapter 5) were 
chosen as the stimulus set. This is a randomly selected 
sample showing small opacities of different appearance. 
Each observer viewed all images under seven con­
ditions, first during a free inspection and next after 
being asked one of the six questions concerning dif­
ferent features 
This resulted in 112 data files altogether, each of 
which contained sixty seconds recorded eye positions, 
plus five calibration patterns for every observer One 
of the calibration patterns is shown in Figure la, 
whereas Figure lb shows an inspection pattern belonging 
to radiograph ql. All data files were calibrated, using 
the available calibration patterns, such that a pro­
jection accuracy within 0.40 degrees resulted between 
eye position and stimulus image. There is little doubt 
in the literature that sequences of eye movements or 
scanpaths of people observing radiographs have low 
reproducibilities, whereas mass fixation positions on 
the other hand seem far more informative (Tuddenham et 
al.j 1961, Tuddenham, 1962; Llewellyn Thomas et al., 
1963; Yarbus, 1967; Kundel et al., 1978) Therefore we 
concentrated our analysis on the suomed fixation 
durations per unit of area. 
The time sunnation area was chosen 0 40 degrees 
squared because of the size of the present opacities 
(up to 0.40 degrees wide). This was permitted by the 
accuracy of measurement and calibration. 
It is possible to measure the duration and direction 
of gaze, which is considered as a measure of the in-
formativeness of the area fixated (Mackworth et al., 
1967; Rundel et al., 1974), although it is not identical 
to the visual attended area. 
It must be emphasized that we do not suggest that 
details outside of the chosen time sunmation area are 
not seen, since also parafoveal mechanisms can account 
for the perception, but we were primarily interested in 
the foveal scan and fixation durations. Carmody et al. 
(1980) measured the acuity as a function of eccentri­
city for sparingly occurring nodules far bigger than 
the small opacities studied here. Particularly for the 
radiographs used in our experiments important local 
details were very fine while the size of these details 
falls well within the foveal diameter. 
The spatial fixation distributions can be analyzed 
to discern factors as particular observers, instruct­
ions and medical images. From the 112 distributions 
available, statistical parameters can be derived to 
evaluate the relationships mentioned. 
We calculated for 1024 fixation positions belonging 
to 32 by 32 square areas of 0.40 degrees width the 
following first and second order parameters. 
F%T8t Order Parametere 
A. : Number of squares (0 40 degrees wide) with fixa­
tion times less than 2 msec. 
A. : Number of squares (0.40 degrees wide) with fixa­
tion times between 2 msec and 200 msec. 
A» . Number of squares (0.40 degrees wide) with fixa­
tion times exceeding 200 msec 
t. : Mean value of fixation times belonging to squares 
in A). 
s. ' Standard deviation of fixation times belonging to 
squares in A]. 
t. * Mean value of fixation times belonging to squares 
in A2· 
s. * Standard deviation of fixation times belonging to 
squares in A2-
The fixation durations were separated at values 
below 2 msec and above 200 msec because of the follow­
ing reason. 
The minimum fixation time measured, as determined 
by the 500 Hz sample frequency, was 2 msec, whereas 
the choice of 200 msec resulted in fixation times above 
this level with a mean value of half a second. This is 
more than enough for foveal vision of details (Kundel 
et al., 1975; Cannody et al., 1980), even if the area 
concerned has been fixated more than once, which we do 
not know, since this information is lost if the 
durations in an area are suinned 
Obviously a subset of the seven parameters mentioned 
above suffices to describe the first order properties 
of the fixation distributions as AQ plus A\ and A2 
make up the total radiograph area (which is constant); 
also from the total duration of the experiment and tj 
or t2 given, the other t can be calculated readily. 
It is also possible to calculate second order 
spatial relationships of the fixation durations, for 
which we need the following definitions (see also 
Haralick et al., 197Э, and Chapter 4); 
Second Order Parametere 
F : Discrete grid of eye fixation positions 
(quadruled grid) 
f : Two-dimensional discrete coordinate pair 
designating a fixation position 
d(fj,f2) : Chessboard distance of positions f\ and f2 
(In the following it will always have the 
value of 1) 
M(f) : Fixation duration of data matrix element be­
longing to position f 
L : Number of quantified fixation durations 
(The number of levels will be 2 here) 
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The cooccurrence of fixation durations will be by 
definition the matrix element P(i,j): 
Pd.j):- · ((fpfj) € F2 | d U , . ^ ) - I . 
, (MCf,) - ι A M(f2) - j) ν (1) 
V (Mtf,) - J A M(f2) - l)) £ N 
with ι £ {1,2} and j e (1,2) 
The notmalization factor |p| is defined: 
2 2 
ІРІ - Σ Σ P(i,j) e Ν (2) 
i-l j-1 
The value of ІРІ is a constant for the used data matrix 
of 1024 elements. |Pl - 7812. 
The normalized fixation cooccurrence from (1)+(2)-» 
dimensional histogram of fixation durations at positions 
indicated by the matrix entries. From combinations of 
the four observers» four images and seven tasks* 112 of 
these matrices resulted. We have shown in Figures 2 
and 3 the sixteen matrices resulting from the free in­
spection and pathology judgement task respectively. 
From all matrices the first order distribution 
parameters A Q , AJ and A2 were calculated indicating the 
areas fixated within particular duration limits. Since 
no significantly different results vere found, neither 
between the four radiographs, nor between the six in­
structions, a division as shown in Table 1 has been 
made, such that all six instructions are combined under 
the superscript INST (for instruction). From this table 
conclusions can be drawn about observer variations and 
instruction tasks. 
Table 1. Radiograph percentages as fixated foveally by 
four observers during free inspection or with 
a particular instruction. 
P(I,J) -
І
т?Т і і < : [ 0 · 1 1 n * (Э) 
Since p(i fj) contains four elements of which p(l 12) 
equals p(2,l) because of synxnetry reasons, and since 
the sunmation of the four elements must yield unity, 
two parameters are sufficient to describe the fixation 
cooccurrence matrix. 
We have chosen two parameters С (local spatial corre­
lation of fixation durations) and D (local spatial 
difference of fixation durations) for this purpose, 
defined as. 
Covanance (1.1) 
(Variance (i) · Variance (j)} 
2 2 
z z (i-M)(:-M)p(i,j) 
ι-' J-' 
5 2 2 2 7 
(( Ζ Ζ (i-M)2p(i.j)) · ( Σ Σ ( j - M ^ p a . j ) ) ) 1 
i-l j-1 l-l j=l 
2 2 2 2 
Σ ι Σ p d . j ) - Σ j Σ pCl.j) 
i-l j-1 j-1 i-l 
2 2 
Σ Σ (l-j)2p(l,j) - 2р(І,2ч 
l-l j-1 
M 
(5) 
This choice has been based mainly on the interpretabi-
lity of the parameters, as expressed in their names 
(Note that, with the definitions given above for the 
chessboard distance equal to 1, the numerical values of 
С are restricted to the interval between 0 and 1, where­
as the numerical values of D are restricted to the 
interval between 0 and J). 
RESULTS 
First we calibrated the 112 data files. The next 
step was the rearranging of the data into a 32 by 32 
matrix. This matrix can be considered as a two-
\ ^ Task 
Obs >ч 
AB 
HG 
LE 
"ND 
m 
A 0U) 
FREE INST 
62 65 
57 71 
58 67 
56 58 
sa es 
А, С) 
FREE INST 
30 27 
34 19 
32 23 
34 31 
33 ¿S 
A2(Z) 
FREE INST 
β 8 
β 9 
IO 9 
10 IO 
9 9 
Table legends 
FREE Free inspection during 60 seconds, no in­
struction. 
INST * Judging a particular feature as instructed 
during sixty secónos; ten seconds per search 
zone consecutively indicated 
AQ · Area fixated less than 2 msec* 
A. Area fixated between 2 msec and 200 msec. 
A. Area fixated exceeding 200 msec. 
m Mean area (averaged over four observers). 
Obs · Observer 
гіаігсз significant differences between pairs (FREE -
INST). 
It can be expected that the area AQ, i.e. the area 
not fixated (or less than 2 msec), would increase in 
the situation INST, because the observer concentrates 
his fixations onto areas containing the specific in­
formation asked for. 
Statistical tests indeed showed that AQ has increas­
ed in the instruction task, whereas Aj has decreased, 
although the differences found were marginal (one-
tailed t-test for paired observations with the critical 
assumption of normal distributions, ρ < 0.0S). 
The correlations of Α-values between the observers 
were not significant (p > 0 05). 
The values of mean fixation durations in the areas 
A| and A2 are given in Table 2. 
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Table 2. Mean foveal fixation duration t and standard 
deviation s in A.(t| and sj) and A2 (t2 and sj) 
\ T a s k 
AB 
HG 
LE 
ND 
ш 
',< 
FREE 
28 
22 
26 
34 
28 
nsec) 
INST 
32 
34 
32 
32 
33 
S
,< 
FREE 
44 
40 
44 
48 
44 
msec) 
INST 
46 
48 
48 
48 
48 
t2(msec) 
FREE INST 
532 538 
508 510 
468 514 
«66 448 
494 502 
sinisée) 
FREE 
306 
316 
294 
254 
292 
INST 
344 
302 
318 
252 
304 
See for table legends also Table 1. 
No significant differences were found for the 
parameters Cj, Sj, t2 or S2 between the free inspection 
and instruction situation (t| and t2: one-tailed t-test 
of logarithm of value for paired observations, ρ > 0 Ob; 
s¡ and S2. two-tailed F-test of variances, ρ > 0.05). 
Only one result for observer HG was significant. 
Finally the calculation of the second order spatial 
distribution of fixation durations yielded the results 
of Table 3 for the values of the parameters С and D. 
Table 3 Values of second order distribution parameters 
с 
D 
Observer 
AB 
HG 
IE 
ND 
AB 
HG 
LE 
ND 
Mean 
0 26 
0 20 
0 22 
0.22 
0 12 
0.14 
0 14 
0.15 
St.dev. 
0.06 
0 06 
0.04 
0.05 
0.02 
0.02 
0.02 
0.01 
С 
D 
Image 
гЗ 
qi 
si 
42 
гЗ 
ql 
si 
42 
Mean 
0.24 
0 18 
0 23 
0.24 
0.14 
0.14 
0 13 
0. 14 
St.dev. 
0.05 
0.05 
0.04 
0 06 
0 03 
0.02 
0 02 
0 02 
Table legends. 
С : local spatial correlation of fixation dura­
tions. 
D : local spatial difference of fixation durations 
Mean . Mean value of 28 cases. 
St.dev. . Standard deviation of 28 cases. 
A one-tailed sign test showed no significant 
differences between tasks, but m all cases observer AB 
scored different results from the other observers, where­
as image ql deviated significantly from the other three 
radiographs concerning C- and Γ-vaLues (p < 0.05). The 
largest differences for ql from the other images were 
found for the instructions concerning pathology and pro­
fusion of the irregular opacities. 
There were significantly negative correlations be­
tween C- and D-values for the observers, which is not 
surprising considering the definitions of these para­
meters The choice of 200 msec as the separation level 
of fixation durations may give rise to the thought that 
a different value would lead to other results* However, 
ve tested a level of 100 msec and found no different 
results for C- and D-values (correlation of new values 
with the ones shown exceeded 0.80 for η - 28). 
CONCLUSIONS 
As can be seen from Table 1 only a part of the 
whole radiograph area has been inspected foveally by 
the observers. The perception of the remaining area can 
only have been achieved by parafoveal mechanisms, where­
as ten per cent has been studied foveally with times 
exceeding 200 msec. The fixation duration was 500 msec 
on the average, which indicates an intensive study. For 
nodule detection the performance is optimal if fixa­
tions last at least 300 msec (Carmody et at., 1960). 
Although it is difficult to extrapolate these results 
to our experiments because of the different radiographic 
stimuli, it seems reasonable to suppose that the mean 
foveal fixation duration of half a second in the 
thoroughly searched ten per cent of the total area is 
enough to extract all the significant details from 
these parts For the area which was carefully scanned 
(ten per cent of the total radiograph area) over eighty 
per cent of the minute available has been used, as 
demonstrated by the results in Table 2. 
The interpretation of the figures becomes easier, 
if one takes into account that the lung areas occupy 
about fifty per cent of the displayed radiographs, and 
that the lung tissue areas between the ribs do not ex­
ceed thirty per cent of the total area. With this data 
in mind it is no surprise that only a part of the whole 
image has been inspected thoroughly, since the observers 
were instructed to search the lung areas between the 
ribs for small opacities, thus more or less excluding 
middle and extreme side parts of the images from a pro­
found visual examination. 
As may be concluded from Table 1 there were some 
minor differences between the areas inspected only 
parafoveally (AQ) and those inspected with durations 
less than 200 msec (Aj), comparing free inspection and 
instruction situations. If an instruction was given, a 
particular kind of instruction did not lead to 
different area sizes, which still leaves open the 
question whether search behavior can be influenced by 
prior instructions. 
The results for the spatial correlations and dif­
ferences of the fixation durations, as shown in Table 3, 
indicated that there were at least no large differences 
within squares of 1.20 degrees. The variation of both 
C- and D-values for different instructions was 
negligible, and values for free inspection and for 
different instructions were the same. Only image ql 
yielded different results, namely significantly lower 
values of С and higher values of D than the other three 
radiographs. A more profound analysis learnt that these 
differences were mainly due to the instructions con­
cerning the seriousness of the pathology and the pro­
fusion of the irregular opacities. An explanation for 
this would be the spurious visibility of opacities in 
the radiograph, leading to a more scattered fixation 
process during the visual search 
Although no linear relationship exists between the 
parameters С and D, they correlated negatively to a 
significant degree, which is not surprising, since a 
higher local spatial correlation С leads to a lower 
local spatial difference D, as clearly follows from the 
mathematical definitions of С and D (equations U and 
5). 
57 
AB L E HG N D 
гЗ 
q1 
s i 
q2 
*. . - ι 
„...ill ¡g" . , 
. I f 
..„* ... :vìi ,. 
:;5 i .$* 
J** .• Щ 
"»'
 !
Т» : ііг •' • : 
' і ¡?:: ' . і Г . 
If f » 
•' χ!· _^г ; __ ι 
• ' · 
'л· 
Д i 
" A 
χ- :· 
> :' 'Vii,. 
χ .¡г';'!-' " · ' 
¡ S «: г .· 
ί.-,ι,ι:·,,.:· !?• Ч . 
:1Ц- · , »/•* 
ί. ·: - :··^* 
• •* 
і:^·' ":'. ІЫІГУ' 
¿ν / *' , rî. 
ψ ']•. ' ' -Th 
: • * • 
¿
"' ..
 :
'
sh
. 
ρ χ*" 
ц ··>·•: ' 
ι. Я' 
•' ìf 
•S·· ' "•''···' 
•····• í* . i * :W-:·.,. 
.· . «¡л- . : " j · · : ' • -.ι-: » 
.:',ι .• » • . mi 
•h . '! ..;,..f 
.,χ^:5 «·!4;·,-. 
• fr- : - f : - ' ^ 
^ . î , - .«.. ν>;•;.•.ι; 
, χ" χ.-
, fe¡ . 
•¿¡ι-
Г.. . "%:.  
I.' _ ' χ,ι •• 
•Κ :ι ••• i " 
•••jf' ·» ...ι*-.· 
'·· if li :' '$' 
Г І 
»"г 
.•«::ν. !* 
• Ϊ,| . * ^ ' 
. . Л и ·
 !
Κχ.
: 
I 
M 
A 
G 
E 
S 
« - - 13° - - > OBSERVERS 
Figure 2. Positions and durations (dot densities) of fixations (summed in square areas of 0.40 degrees width) 
during a free inspection of four radiographs by four observers for sixty seconds. 
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Figure 3. Positions and durations (dot densities) of fixations (summed in square areas of 0.Д0 degrees width) 
during a search for pathologies of four radiographs by four observers for sixty seconds. 
Visual inspection of the fixation matrices as shovn 
in Figures 2 and 3, belonging to the free inspection 
and the search for pathology respectively, obviously 
shows that thorax shape and contours have directed the 
general eye movements and fixations of the observers, 
although an orderly or systematic search pattern does 
not seem to be present. 
DISCUSSIQM 
In this chapter we have attempted to determine the 
influence of particular tasks on the visual scanning 
process of radiographs showing pathological features. 
We tried to infer conclusions from eye movements, or 
more specific, from eye fixations. It seems apparent 
that for the non-*specialists, who vere the observers in 
our experiments, there is no systematic change of eye 
fixation patterns under the experimental conditions 
studied. As the direction of gaze is not necessarily 
an indication for attention but rather for informati­
ve ne s s (Mackworth et al., 1967; Kundel, 1974; Nodine et 
al*, 1976) it is difficult to judge the diagnostic per­
formance of the observers from their fixations. On the 
other hand the assumption that the task has been per-
fonoed badly would be in contradiction with the scores 
of our subjects in the specific diagnostic sense as 
underlined by the results of former experiments, which 
yielded significant detectability values for the ILO 
U/C features under study (see also Chapter 5). 
According to results given in the literature (e.g. 
Tuddenham et al. > 1961; Tuddenham, 1962; Llewellyn 
Thomas, 1963; Mackworth et al , 1967; Kundel et al.
я 
1972; Kundel et al.
а
 1978) large areas of the offered 
scenes are not sampled foveally (in our experiments 
sixty per cent maximum). This indicates that a con­
siderable part of the images is only parafoveally per­
ceived, or, as often happens in routine tasks, is filled 
in with information from an image that is stored in the 
observer's memory. For medical practitioners the memory 
function also may influence the search pattern, and 
spatial probability distributions of pathologies, as 
stored from their experiences in years, may play a 
considerable part. Memory function as a bias factor 
cannot, however, be very important in the experiments 
described here, since the four observers were not 
medically trained. The observers did not change their 
fixation patterns systematically with variation of the 
task or of the image. There is always a possibility 
that the search for specific features was still not 
familiar enough to the observers after the training 
period, at least not to such a degree that they adapted 
their eye movements to the task appointed. They merely 
seemed to apply already existing search mechanisms, 
resulting in a quite efficient inspection of the image 
area that was indicated as important in the training 
period, i.e. as potentially hiding pathologies. 
However, ve were not able to find a clue for 
experience as a determining factor in our experiments 
nor in the literature. 
It has been shovn (Svenβson et al.
 л
 1977; Svensson, 
1980; Svensson et αΙ.
Λ
 1982) that visual searching 
activities are important for the recognition of ab­
normalities. The effect is such that observers must be 
restricted as little as possible in their inspection 
of images. Therefore the use of mechanical aids during 
the search, as sometimes suggested (e.g. Tuddenham, 
1962), should not be employed vithout proof of advant­
age and perhaps should only be considered for training 
purposes (Kundel et al., 1972). The need of such an aid 
seems doubtful after our experiments, in vhich our 
observers did not shov any adaptation of their fixation 
behavior to different images or to different instruc­
tions appointed and therefore no clues can be extracted 
as how an aid could help in a particular task. In fact 
the guiding of gaze direction could be more disad­
vantageous to detection than helpful for finding 
regions of interest in a picture. 
One might suggest that the radiographic stimuli we 
used, are too complex to lead to repeatable scanpaths 
as sometimes found in the literature (Noton et al., 
1971: a,b) ( although the conclusions about the natural 
occurrence of such scanpaths have been strongly 
weakened by the authors since (Stark et al , 1961). 
Despite elaborate search, scanpaths have not been 
found characteristic for fine detail in pictures, nor 
for the degree of pathology of pictures Ve have in­
dications that the observers let their eye movement 
fixations be determined by contours and edges of the 
lung areas, as demonstrated in Figures 2 and 3, in 
vhich lung and rib structures can be vaguely traced 
back. The importance of contours and edges for 
perception has also been described for lung radiographs 
elsewhere (Kundel, 1974, Gould, 1976, Kundel et al.
 t 
1978). 
In order to mimic the true extension of visual 
attention the fixation distributions can be weighted 
vith a conspicuity zone of variable vidth as a measure 
for the perceptive input (Tuddenham et al , 1961; 
Gould, 1976, Kundel et al.t 1978; Carmody et al., 
1980). The zone width itself vould have to be 
determined from visual system properties in combination 
vith image context. The predictable result, a smoothing 
of the data shown in Figures 2 and 3, would, however, 
not alter our conclusions. 
From our experiments ve conclude that more is to be 
gained by assistance of quantified feature values than 
by efforts to influence visual search behavior by for 
instance a mechanical scanning aid because no evidence 
was found that important details were insufficiently 
fixated. 
In our experiments we used subjects who were not train­
ed in the specialistic radiograph interpretation, and 
we did not find significant influences of any in­
struction given on their search behavior. Eye movements 
of medical specialists would be even more difficult to 
manipulate, since they rely strongly upon experiences 
from years (Kundel et al., 1972) 
We are left with the conclusion that gaze directions 
do not give us indications about the visibility of 
pathologies, neither can they be used readily as a 
training tool for controling search behavior. On the 
other hand eye fixation analysis has indicated that the 
search behavior is quite efficient, which leaves the 
diagnostic quality of the radiographs on the one hard 
and the decision quality on the other hand as the most 
important factors to optimize, provided that the 
diagnostic quality of the features demonstrated in a 
training is chosen adequately. 
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SAMENVATTING SUMMART 

SAMENVATTING SUMMARY 
Methodes ош medische beelden te ververken (medical 
image processing ) zijn de laatste decennia in een 
stroomversnelling geraakt, met name door de toepassing 
van de steeds meer geavanceerde digitale rekenmachines. 
Een belangrijke vraag is hoe men de werkelijke 
vaarde voor de diagnostiek moet bepalen van de resul­
taten zoals die verkregen worden met de modernste 
technieken. Daarbij lijken kwantitatieve evaluatie­
methodes onmisbaar. 
In dit proefschrift wordt getracht een praktisch 
beeld te schetsen van het evaluatieproces waarbij ge­
bruik gemaakt wordt van verschillende meetmethodieken, 
die elk hun eigen verdienste hebben. De onderlinge 
band ligt in de doelstelling om tot een objectieve 
kwaliteitsbepaling te komen, gebruik makend van de 
diverse factoren die bij de diagnostiek met behulp 
van medische beelden een rol spelen* 
De algemene inleiding, zoals gegeven in hoofdstuk 
1, laat zien dat men beeldkwaliteit zowel in fysisch/ 
technische als in klinisch/diagnostische zin kan 
onderscheiden. Om beide concepten verder te ontwikkelen 
wordt het beeldvormingsproces ontleed in twee fases, 
namelijk bemonstering en digitalisering, die van de 
fysische driedimensionale wereld via de projectie van 
straling tot het medische beeld in numerieke vorm 
leiden, waarop verdere bewerking kan plaatsvinden. De 
fysisch/technische kwaliteit wordt bepaald door eigen­
schappen van ruis, contrast en resolutie, beschouwd bij 
herstel (restoration) van gedegradeerde beelden. Het 
belang van het gebruik van a priori kennis bij alle uit 
te voeren handelingen wordt benadrukt, en, mits het 
begrip abnormaliteit of pathologie goed gedefinieerd is, 
blijkt het mogelijk om een pragmatisch concept klinisch/ 
diagnostische kwaliteit in te voeren. Dit concept is 
gebaseerd op het vertrouwen waarmee de gebruiker het 
bereikbare klinische resultaat beschouwt. Beeldbe­
werking wordt in dit kader veeleer beeldverbetering 
(enhancement), terwijl ruis, contrast en resolutie 
slechts een rol spelen voorzover ze de gewenste patho-
logie-zichtbaarheid in de weg staan. Hierbij ontkomt 
men zelden aan het maken van ingewikkelde kosten-baten 
afwegingen. 
Tenslotte wordt de toepassing van de waarnemers­
karakteristiek (Receiver Operating Characteristic), ge­
koppeld aan het signaal-detectiemodel, voorgesteld als 
techniek om bij te dragen aan een objectieve medische 
beeldevaluatie, welke in de praktijk gebracht wordt in 
de volgende vijf hoofdstukken. 
In hoofdstuk 2 wordt de invloed van variaties in 
contrast en resolutie onderzocht op de verandering van 
pathologiedetectie in 61 Thallium-201 myocard scinti-
grammen, allereerst met behulp van de bekende evaluatie-
parameters d' (detectability index) en L (likelihood 
ratio)* Vervolgens wordt de berekening van een nieuwe 
grootheid D (diagnostic output) voorgesteld, waarbij 
de diagnostische waarde van beoordelingen en de onzeker­
heid van de waarnemer ingecalculeerd wordt. 
Met behulp van de beschreven theorie blijkt een 
kwantitatieve beschrijving mogelijk van de achteruit­
gang van beeldkwaliteit, veroorzaakt door opzettelijke 
experimentele verslechtering van contrast en resolutie. 
Hierbij completeert de parameter D het beeld van de 
diagnostische waarde van de oordelen van de vier aan 
de experimenten deelnemende waarnemers. 
De maten d' en D, als beschreven in hoofdstuk 2, 
kunnen ook toegepast worden om voorbewerking (pre­
processing) van medische beelden te evalueren, zoals 
In the past fev decades the field of medical image 
processing has grown rapidly, especially by the appli­
cation of more and more sophisticated digital com­
puters. An important problem is hov to determine the 
true diagnostic value of the results achieved with the 
most modern techniques. Quantitative evaluation methods 
seem to be indispensable for this purpose. 
It is tried to outline the evaluation process in 
practice in this thesis, making use of various methods, 
each possessing its own merits. They are connected by 
the с ottano η aim to reach an objective quality determi­
nation using several factors involved in diagnostics 
based on medical images. 
The general introduction, as given in Chapter 1« 
shows that image quality can be considered both in a 
physical/technical as in a clinical/diagnostic sense. 
For further development of both concepts, the imaging 
process is split into tvo stages, namely sampling and 
digitizing. The process leads from the physical three-
dimensional world through the projection of radiation 
to the medical image in numerical format, after which 
further processing can take place. The physical/ 
technical quality is determined by properties of noise, 
contrast and resolution, in connection to the restora­
tion of degraded images. The importance of the use of 
prior knowledge during the processing is emphasized 
and a pragmatic concept clinical/diagnostic quality 
can be introduced if a satisfactory definition of 
pathology or abnormality is available. This concept is 
based on the confidence with which the user considers 
the clinical result attainable. Image processing might 
rather be called image enhancement within this con­
text, whereas noise, contrast and résolution must 
merely be taken into account in so far as they prevent 
the desired visibility of pathology. In these matters 
complicated cost-benefit analyses can seldom be 
avoided. 
Finally the application of the receiver operating 
characteristic, coupled to the signal-detection model, 
is proposed as a technique contributing to an objective 
medical image evaluation, which is demonstrated in 
the next five chapters concretely. 
The influence of contrast and resolution variations 
on the change of visual pathology detection by four 
observers in 61 Thallium-201 myocard scintigraphs is 
investigated in Chapter 2, first making use of the 
known evaluation parameters d' (detectability index) 
and L (likelihood ratio). Next the calculation of a 
new measure D (diagnostic output) is proposed, in which 
the diagnostic value of judgments and the doubt of the 
observer are included. 
In the experiments to show deterioration of con-
trast and resolution, aided by the theory provided, a 
quantitative description of the decrease in image 
quality is made possible. 
The measures d' and D, as described in Chapter 2, 
may also be applied to the evaluation of preprocessing 
of medical images, as for example of microscopic 
slides of cervical cells. In Chapter 3 the results of 
the visual classification of such preparations are 
analyzed, as achieved using different staining 
techniques. For this purpose the observations of tvp 
female observers in the classification of one hundred 
cervical cell smears are compared. The preparations 
were stained with two alternative techniques consecu-
tively, the first one being standard, the second one 
being recently developed. The analysis« based on the 
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bijvoorbeeld van microscooppreparaten van cervix celleo. 
In hoofdstuk 3 worden de resultaten van de visuele 
classificatie van zulke celpreparaten, bereikt met ver-
schillende kleuringetechnieken, geanalyseerd. Daartoe 
worden de observaties van twee waarneemsters verge-
leken, díe 100 celpreparaten geclassificeerd hebben. De 
preparaten waren achtereenvolgens gekleurd met twee 
alternatieve technieken, waarvan de eerste standaard 
was en de tweede recentelijk ontwikkeld. 
De op de signaal-detectie berustende analyse en de 
in hoofdstuk 2 gedefinieerde maten blijken tot inzichte-
lijke en verklaarbare resultaten te leiden. 
Medische beelden bevatten meestal een overvloed aan 
informatie* Naast observaties kan men ook berekeningen 
aan de beeldinhoud verrichten. In hoofdstuk 4 wordt aan-
dacht besteed aan de berekening van additionele 
diagnostische gegevens uit dezelfde se int í granulen als 
reeds visueel geanalyseerd in de experimenten beschreven 
in hoofdstuk 2, Het lokaal in de beelden naast elkaar 
kunnen voorkomen van grijsniveau's (gray level co~ 
occurrence') blijkt bij berekening een geschikte set 
classificatiekenmerken op te leveren. Met deze ken-
merken worden ongeveer gelijke aantallen, doch ver-
schillend geaarde, fouten gemaakt bij pathologiedetec-
tie. Met een lineaire (gewogen) combinatie van computer-
berekeningen en visuele beoordelingen kan een fou ten-
reductie bereikt worden, die zich kwalitatief mani-
festeert in verminderde aantallen fout-negatief (misser) 
en fout-positief (vals alarm) beoordeelde beelden en 
die ook uitgedrukt kan worden in een toegenomen 
detecteerbaarheid d'. 
Bij de visuele beoordeling van medische beelden 
kunnen fouten gemaakt worden ten gevolge van een sub-
optimale kenmerkkeuze. In hoofdstuk 5 worden verschil-
len in beoordeling door 17 waarnemers van een standaard 
set van 16 röntgen thorax opnames (ILO U/C 1971) met 
nauwkeurig bekende afwijkingen (pneumoconiosis) ge-
analyseerd. De doeltreffendheid van de uit een inter-
nationaal gestandaardiseerd schema afgeleide kenmerken, 
betreffende locale details van pneumoconiosis in 
diagnostische zin, wordt kwantitatief uitgedrukt in 
d'-waardes (feaeibility of features). 
Methodes als genoemd in hoofdstuk 2 leiden tot de 
conclusie dat drie van de onderzochte kenmerken de 
overige drie in diagnostische waarde duidelijk over-
treffen. Het blijkt verklaarbaar welke kenmerken 
slechter functioneren. Voor de gevonden selectie van 
'goede' kenmerken zouden nu gewichtefactoren bepaald 
kunnen worden om in combinatie (eventueel ook met be-
oordelingen zoals beschreven in hoofdstuk 4) tot opti-
male medische beslissingen te komen. 
Terwijl in de voorgaande hoofdstukken gecombineerde 
fouten, te wijten aan diverse oorzaken als slecht 
zoeken, herkennen en beoordelen, zijn bekeken, wordt in 
het 6e en laatste hoofdstuk verslag gedaan van onder-
zoek aan zoekfouten (eearch errore) gemaakt tijdene 
dezelfde experimenten als omschreven in hoofdstuk 5. 
Een subset bestaande uit 4 ILO-set rontgenopnames 
wordt met behulp van meting van oogbewegingen (eye 
movements) bij vier waarnemers nader geanalyseerd. Het 
herhaaldelijk geopperde idee dat verbetering van het 
menselijk zoekgedrag zou kunnen voortvloeien uit 
adequate beïnvloeding van de oogfixaties door bijvoor-
beeld een mechanische scanhulp of specifieke instructies 
blijkt niet direct te concretiseren. De oogfixaties 
blijken hoofdzakelijk bepaald te worden door contrast en 
contouren in de beelden. Het zoekproces verloopt vrij 
efficient, terwijl de gegeven instructies, die be-
trekking hadden op de diagnostische kenmerken, zoals in 
signal-detection theory, and the measures defined in 
Chapter 2, lead to acceptable and understandable 
results. 
Usually medical images contain a surplus of infor-
mation. Besides observations one may also make calcu-
lations based on the image content. 
Chapter 4 deals with the calculation of additional 
diagnostic data from the same set of scintigraphs as 
already analyzed visually in the experiments described 
in Chapter 2* 
The local cooccurrence of gray levels in the images 
turns out to yield a set of features suited for classi-
fication purposes. With these features about the same 
number of errors, although different in type, are made 
during the detection of pathologies. With a weighted 
linear combination of computer calculations and visual 
judgments an error reduction can be achieved, which is 
demonstrated quantitatively in decreased numbers of 
false-megative (miss) and false-positive (false alarm) 
judged images, also expressed in an increased value 
of the detectability d'. 
During the visual judgment of medical images errors 
may result from a suboptimal feature choice. In Chapter 
5 differences between 17 observers in their judgments 
of a standard set of 16 chest radiographs (ILO U/C 1971) 
containing precisely known abnormalities (pneumo-
coniosis), are analyzed. 
The efficacy of the features as derived from an 
internationally standardized scheme concerning local 
details of pneumoconiosis in a diagnostic sense is 
expressed quantitatively in the value of d', thus 
giving insight in the feasibility of the features under 
investigation. 
Methods as already mentioned in Chapter 2 result in 
the conclusion that three of the features exposed 
obviously exceed the remaining three in their diagnostic 
value. The malfunction of the discarded features 
appears to be explainable. Weighting factors might be 
applied to the selected 'good' features found, in 
order to reach optimal medical decisions by their 
combination (possibly in combination with judgments as 
described in Chapter 4). 
Whereas combined errors, resulting from various 
factors as incomplete search, recognition failures or 
wrong decisions, were under study in the preceding 
chapters, the investigation of search errors, made 
under the same experimental circumstances as described 
in Chapter 5, is reported in the last chapter, 6. 
A subset of four ILO reference set chest radiographs 
is analyzed with the help of eye movement measurements 
from four observers. 
The idea suggested repeatedly, that improvement of 
the human search behavior would result from adequately 
influencing the eye fixations by the application 
of some mechanical scanning aid or specific instruc-
tions, is not found to be valid. The eye fixations turn 
out to be mainly determined by contrast and contours 
in the observed images. The search process progresses 
rather efficiently, whereas the instructions given, con-
cerning the diagnostic features as proposed in Chapter 
5, do not have a significant influence. No indications 
can be derived from the measurements how to achieve 
improvements of the search behavior. 
Therefore it seems more practical for the time 
being to try and improve image and instruction than to 
influence the search behavior of observers directly, 
since this might cause more damage than that it opens 
up extra possibilities of detection, taking the results 
of Chapter 5 into account. 
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hoofdstuk 5 voorgesteld, geen significante invloed 
uitoefpnen Uit de metingen kunnen geen aanwijzingen 
worden gedistilleerd waarmee verbeteringen in het 
zoekgedrag zouden kunnen worden bereikt. Het lijkt 
daarom vooralsnog beter om beeld en instructie te ver-
beteren dan om te trachten het visuele zoekgedrag van 
de waarnemer te beïnvloeden, aangezien dit, getuige 
de in hoofdstuk 5 beschreven classificatieresultaten, 
vermoedelijk meer schade doet dan dat het extra moge-
lijkheden van detectie opent. 
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